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Stars in the dark clouds hid 
Can give no light.
W hen the south wind's storm 
Stirs up the rolling breakers o f the sea, 
The wave once glass-clear, calm 
As settled days,
Now muddied with the stirred-up bottom sand 
Obscures our sight.
A river wandering down the hills 
Can be dammed and stopped by fallen rock 
From the high crags.
You too, if you want 
Clearly to see the truth 
And to walk the right road straight,
Cast out joy,
Cast out fear,
Rid yourself o f hope and grief.
The mind is clouded, checked,
W here these hold sway.
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Note on the references.
References appearing in the chapters are indicated by principle author and date: 
e.g. [Thomas 1988] or where the author is mentioned in the text simply by the date: 
e.g. experiments perform ed by Clark [1988]. The full references, arranged alphabetically, are listed 
after the appendices. If two or more papers appeared in the sam e year with the same principal 
author, these are distinguished in the chapters by adding a, b, etc. after the date: 
e.g. [Dill 1975 a], [Dill 1975 b].
vi.
Summary of work.
The work presented in this thesis covers a w ide spectrum  o f topics concerned with the 
developm ent o f a lithographic system to print periodic structures. Such structures are incorporated 
in integrated optical devices such as 1 st order D istributed Feedback (DFB) InGaAsP /  InP 
sem iconductor lasers and waveguide filters. The gratings were defined by holographic lithography 
and reproduced by x-ray contact printing.
H olographic lithography can be used to produce large area submicron gratings but its success 
depends upon the reflectiv ity  o f the substrate and on the processing o f the resist. X-ray 
lithography, on the other hand is conceptually a much sim pler technology and has the advantage 
that resist exposure is relatively insensitive to the substrate. The technique may provide a simple 
reliable route to high resolution (<100 nm linewidths) pattern replication with a potentially high 
throughput.
A two mirror symmetric interferometer arrangement was used to define the gratings. Collimating 
lenses were not used. A theoretical analysis o f gaussian beam interference was used to predict the 
size of variations in period from the plane wave case.
Holographic gratings with periods down to 187 nm were exposed in AZ 1350 J photoresist with 
the UV lines of an argon ion laser.
Conventional thin resist holography was used to define thin resist (0.15 fim AZ 1350 J) patterns 
which were reactive ion etched (RIE) into GaAs wafers (360 nm period) using a CH^: H^ plasma.
Thick resist holographic and RIE techniques were developed to produce thick metal absorber 
patterns (0.3 fim high), lines and metal dot arrays, suitable for a high contrast ( 10:1) mask for 
x-ray contact printing. The metal dot arrays were produced by double holographic exposure of resist 
follow ed by angled m etal evaporation (shadowing) along the lattice planes, O RIE and lift-off 
processes.
The use o f the metal patterns as masks for subsequent etching or diffusion (ion exchange in 
glass) into the underlying material was demonstrated.
The use o f a spin - on anti reflection coating (ARC) under the resist was shown to eliminate 
coherent reflection effects inside the resist during holographic exposure.
Polyim ide in solution was spun on to microscope coverslips and cured to form an x-ray mask 
substrate. Polyim ide m em brane x-ray masks are cheap to produce and can be conformed into 
intimate contact with the sample to be printed. After definition of the gold absorber pattern, a 0.3 
pm  polyim ide layer is spun over the metal to protect it during the subsequent etching step and to 
provide extra strength. A fter attachm ent to m etal rings the glass was dissolved away in 
hydrofluoric acid to produce free standing polyimide membranes 1.3 |im  thick, 15 mm in diameter. 
The m em branes are coated with a 60 nm layer o f gold-palladium  alloy, which is optically 
transparent, to form a conductive layer and to allow registration.
A soft x-ray contact printing system was designed and built to transfer the mask patterns into
0.2 }im thick PM M A (BDH) resist layers with copper radiation [1.33 nm]. The x-ray source is 
an electron bom bardm ent type; based on a VG - EG 2 electron evaporator gun. The anode was a 
copper hearth. A sam ple stage was designed to allow  sim ple registration between sample and 
mask. Intim ate contact between mask and sam ple which is necessary for high contrast pattern 
replication at 100 nm linewidths was achieved by an electrostatic hold-down mechanism.
285 nm period gold grating patterns were transferred into vertical walled resist patterns after 6 
hour exposures at 300 W  e-gun pow er with negligible resist shrinkage after development. The 
resist was developed in 1:3 mixture M IBK : IPA at 23°C for 30 seconds. Gratings were replicated 
on Si and Ti-coated glass substrates. The contact printing process is insensitive to the substrate 
material.
A 2 D array o f square PM M A dots o f sub-100 nm side and 285 nm period, was produced on a 
chip (5 mm x 5 mm area) by a double x-ray exposure of a gold grating on a polyimide membrane 
mask.
The polyim ide masks can be reused (at least five times in these experiments). Further studies of 
distortions in the mask and PM M A resist response to x-ray exposure remain to be done.
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1.1. Introduction.
1.2 . Survey of the following chapters.
1.1. Introduction.
Pattern generation techniques for grating devices.
The initial aim of this project was to develop an x-ray contact printing system to fabricate 
sub-micron diffraction gratings suitable for first order distributed feedback GalnAsP / InP 
sem iconductor lasers1 [Thomas 1988]. Currently the gratings for these devices arc directly 
written onto the laser substrates either by electron beam or holographic lithographies. These 
pattern generation techniques are very sophisticated and labour intensive, so that they arc 
inconvenient for mass production. Commercially produced DFB lasers tend to use second or third 
order gratings with periods twice or three times the fundamental period in order to case the 
fabrication problems. A replication process from a previously defined grating mask would be much 
simpler.
In this work soft x-ray contact printing (x-ray lithography) using a copper electron bombardment 
source and a polyimide membrane mask system was developed to print grating patterns. X-ray 
lithography is the short wavelength analogue of optical contact printing and in principle provides a 
low cost, high through-put, parallel printing process. Once a mask has been patterned, further 
masks can be replicated from it.
Although the development of x-ray printing systems is an active area of research, the technology 
is far from mature. There arc many reports in the literature of devices fabricated using x-ray 
printing, including recently of a DFB laser made by a Japanese group [Nakao 1989], but no such
R ev iew  articles describing DFB structures include [Haus 1983], [Yariv 1973, 1977], |Kogclnik 
1971, 1972, 1979], [Hunspcrger 1984],
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lasers are available yet commercially.
Information derived from the simple contact printing system used in this work is directly 
applicable to other systems using synchrotron or laser plasma sources. Mask technologies, resist 
materials, and resolution limits are all interchangeable. The main limitation of the low power 
systems is the longer exposure times that result from their exposure geometry (Chapter 5).
Before describing the project structure in detail, it is helpful to discuss some of the advantages 
and limitations of primary patterning techniques in the fabrication of several types of device.
Sub micron grating devices with periods below 400 nm arc being used in an increasing number 
o f applications both in integrated optics and in nanoclcctronics. The grating dimensions required 
are much smaller than can be produced by conventional optical contact printing. For most simple 
integrated optical devices such as waveguide filters [Yi-Yan 1978, 1980] and couplers, defined on 
low refractive index media, the periods range between 200 nm and 500 pm. First order distributed 
feedback (DFB) laser diodes or optical filters made on III-V semiconductor substrates require much 
finer gratings because of the larger refractive indices of these materials at their lasing wavelengths. 
An AlGaAs / GaAs DFB laser with an emission wavelength at 860 nm needs a grating period of 
about 110 nm, while GalnAsP / InP lasers with emission wavelengths between 1.3 pm and 1.55 
pm need grating periods between 235 nm and 270 nm. In these devices, the overall grating length 
is small, generally less than 500 pm, but it must be perfectly periodic.
There are some special applications for non-uniform gratings such as wavelength demultiplexers 
and focusing couplers which require period variations (chirps) [Suhara 1986] or DFB lasers which 
incorporate phase shifted grating elements to suppress the unwanted second axial mode [Haus 
1983],
Gratings required for nanoelectronic applications [Jaros 1989] arc cither used to define structures 
which tightly confine the electrons in low dimensional semiconductor devices such as quantum 
wire and quantum dot arrays, or modulate the semiconductor band structure such as lateral surlacc 
superlattice (LSSL) devices. The first two applications need uniform structures of <100 nm 
linewidths. Here the periodicity of the array is secondary; it ensures uniformity and increases the 
signal strength. The periodicity is important in LSSL devices, and structures for coupling 
microwave frequencies into surface plasmon waves.
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Holographic lithography.
Typically the laser technique is used to uniformly pattern large areas (several cnC) of a 
photoresist coated wafer. The success of this process depends on the substrate reflectivity. 
Reflectivity causes a lateral standing wave in the resist which affects its exposure especially near 
the resist substrate boundary. A further processing step, such as dry etching, is needed to produce a 
high aspect ratio (amplitude-mark ratio) photoresist structure which is cut down to the substrate.
The minimum grating period that can be recorded by the laser technique is limited by the 
exposure wavelength and the angle of incidence. The minimum grating period that can be recorded 
using the UV lines of the argon ion and helium cadmium lasers (351.1 nm and 325 nm 
respectively) are of the order of 180 nm which is not fine enough for a AlGaAs / GaAs DFB laser. 
In practice the angle of incidence cannot easily be increased above 70° (the theoretical minimum 
occurs at 90°).
The grating period can be reduced by exposing the substrate through a high index medium 
instead of air. For example, the sample may be simultaneously exposed and developed in a 
developer bath (SED technique) or exposed through a high refractive index medium matched to the 
resist coated sample (the front prism technique). Although 100 nm period gratings have been 
produced using such methods, these processes are not particularly convenient if a large number of 
samples is to be patterned.
Electron beam lithography.
Complex grating patterns, curved gratings, chirps and phase jumps are more readily made using 
e-beam lithography. Although chirped gratings can be made holographically, for example by 
introducing curvature into one of the wavefronts with a suitable lens, and bilaycr resist processes 
for producing phase jumps in a holographic grating have been reported, these techniques arc very 
restricted in application. An e-beam writing system exposes patterns that are computer generated. 
The pattern is defined in terms of pixel elements which are then addressed in sequence by the 
scanning electron beam. Unwanted exposure is prevented by a beam blanking system [Smith 1974, 
1986 a], [Wilkinson 1986].
The ultimate resolution of e-beam is well in the sub-100 nm range. The minimum area of an 
isolated pixel that can be addressed is determined by the beam spot size (< 80 A). Typically 
features are patterned two or more pixels wide. For lower resolution work a smaller magnification,
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i.e. larger spot size, is used.
There is a proximity effect in the resist, due to backscattering of the 50 KeV electron beam from 
the substrate, which makes the exposure of closely spaced fine features difficult. Higher resolution 
work can be done on thin membranes where the backscattering from the substrate is less.
The area that can be written without using a step and repeat control of the sample stage is small 
due to scan coil errors at large beam displacements. Large areas of grating can be made using a step 
and repeat scheme, but eliminating the phase errors between the grating areas is difficult.
E-beam lithography can make the fine grating patterns required for DFB laser diodes but it is 
very time consuming and uneconomic. Long times are required to serially write large area high 
resolution patterns such as quantum dot arrays.
X-ray contact printing2.
Soft x-rays in the 1.0 nm to 5.0 nm wavelength range expose an c-bcam resist through a 
membrane mask transparent to x-rays on which an absorber layer has been patterned. The mask is 
either in intimate contact with the sample or there is a gap of a few microns between them. The 
membrane layer may be a semiconductor or a polymer and the absorber layer is usually several 
hundred nanometers of gold [Spiller 1977].
The resolution of the process is limited by the range in the resist o f the secondary electrons 
produced by x-ray absorption. Below a wavelength of 5.0 nm, diffraction effects arc much smaller 
than the secondary electron range which increases rapidly with photon energy3.
At the carbon wavelength (4.4 nm) the secondary electron range and diffraction effects are of 
the same magnitude. The carbon wavelength thus represents the optimum for high resolution 
reproduction ~ 10 nm. A copper L ^  source at 1.33 nm is an alternative choice; there is a reduction
2The x-ray technique on its own is not really a lithography, since the pattern generation has to 
be done by other means. Thus the term x-ray lithography should be reserved for both patterning 
and printing techniques, since together they form a complete lithographic system.
3The low energy of the secondary electrons (< 1 kcV) in x-ray exposure compared with the 
energies in e-bcam exposure (50 keV) means that fine structures can be replicated with less 
damage.
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in resolution (~25 nm-50 nm) but a higher x-ray power is obtainable than from an amorphous 
carbon source. To obtain high resolution, intimate contact between the mask and sample is 
essential.
Electron bombardment x-ray sources usually approximate to point sources. The quantum 
efficiency for most target materials is low < 10*^ , and the radiation is emitted into 2 k  solid angle. 
Large mask-source separations are necessary to minimise geometrical distortions in the printed 
image caused by the finite extent of the source. The flux density at the mask is small and hence 
exposure times are long (several hours). Higher brightness sources (synchrotrons and laser induced 
plasmas) are being researched but these tend to be large and expensive. Synchrotron sources arc 
used at low wavelengths (< 1.0 nm i.e. large secondary electron ranges). Combined with large 
mask-sample gaps (40 pm to allow registration etc.) this means a decrease in resolutions 0.3 pm.
The requirements for x-ray masks are rigorous: the mask substrates must be transparent to x-rays 
and to light; therefore they must be thin (and as a result fragile), they must be flat, dimcnsionally 
stable and of large area (> 10 mm diameter). Very soft x-ray masks must be extremely thin; at the 
C /  Cu wavelengths, a 1 pm polyimide layer introduces a significant attenuation (~ 40 %). A 
suitable mask technology has yet to be established.
Several mask systems have been proposed; rigid crystalline membranes made from SiC and 
Si^N^ (or SiN) are used in synchrotron systems. Polymer membranes arc preferred with very soft 
sources.
Self supporting polyimide membranes up to several centimeters in diameter can be made by spin 
coating a solution of precursor material onto a glass or semiconductor substrate. After a high 
temperature bake, the polymer chains become completely cross-linked producing a film which is 
chemically inert. After patterning the absorber layer, the underlying substrate is dissolved away in 
HF acid to leave the plastic film. A thin conductive layer is deposited on the film to form an 
electrode. The membrane is flexible enough to be conformed into intimate contact with a sample. 
This is done by applying a small p. d. across the mask and sample (10 V - 50 V). The mask is 
less likely to be damaged while in intimate contact because of its conformability.
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Outline o f this research.
Following some work done by Smith's group at MIT [Smith 19771, a polyimide membrane x- 
ray mask scheme has been adopted. Grating patterns with periods between 400 nm and 187 nm 
were defined in thick photoresist layers on polyimide coated glass substrates. By evaporating 
nichrom e metal at grazing incidence to the grating planes, an etch mask is formed for the 
subsequent oxygen reactive ion etching (RIE) process. The development of the dry etch process 
allows much higher aspect ratio resist gratings with vertical side walls to be produced. Previous 
work had relied on fragile Si^N^ layers with much thinner resist [Dumas 1985], Much thicker 
metal layers (0.3 pm at 100 nm linewidth) can be lifted-off from these structures allowing much 
higher contrast^ x-ray masks to be produced by this process than by thin resist methods ( 10:1 
compared to 3:1).
As the contact printer is currently designed, 5 mm x 5 mm chips coated in PMMA resist arc 
exposed in under six hours. To date the equipment has been used to replicate 285 nm Au grating 
masks on Si and on Ti - coated glass. The dot array produced by a double exposure of the 285 nm
period mask represents the state of the art. Sub-100 nm linewidth structures 0.2 pm high with a
2
square cross section have been produced uniformly over 25 mm . As can be seen from the 
micrographs in Chapter 5, the PMMA images have extremely vertical walls, and there is little 
shrinkage. These results, coupled with the reusability of the mask indicate the promise of the 
technique for further work.
The holographic technique was developed to look at the direct production of grating structures on 
semiconductor materials and glasses by metallisation and dry etching techniques. These structures 
can themselves be used as masks for ion implantation, ion exchange (to make waveguides) or 
subsequent etching. Several applications will be described in Chapter 4.
Dry etching techniques were investigated to create arrays of quantum dots from the double 
holographic exposure of a photoresist layer. Sub-50 nm linewidth structures were made in GaAs 
by this method.
Aphe contrast is defined as the ratio of the flux densities passing through the mask to that 
passing through mask and absorber.
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1.2.Survey of the following chapters.
Chapter 2 presents an introduction and a review of the laser interference technique. A simple 
plane wave model is used to predict the intensity patterns produced during exposure in a photoresist 
layer spun onto a reflective substrate. Both symmetric and asymmetric incidence cases arc 
considered. A final section discusses the limitations due to the approximation of the incident 
gaussian beams to plane waves and its effect on the optical uniformity of the gratings.
The optical bench is described in Chapter 3. The experimental techniques are presented along 
with the different types of grating exposure; thick or thin resist layers on transparent or reflective 
substrates; very large period gratings (exterior prism technique) and very short period gratings 
(U.V.); two dimensional gratings.
Chapter 4 describes the transfer of the resist patterns to the underlying substrate by RIE and 
the metallisation of the grating patterns to form the x-ray absorber. Further applications of the RIE 
processes such as two dimensional gratings (dots) arc discussed. There is a section on CH^ /
RIE into GaAs through a thin photoresist mask which was intended to lead to a DFB laser. Finally 
the use of a gold grating mask for ion beam milling to produce a phase grating in an ion 
exchanged glass waveguide is described.
Chapter 5 outlines the X-ray replication process; its advantages and limitations, and provides 
technical details of the exposure system, the mask fabrication process and the exposure of the 
samples.
Chapter 6 includes a summary and the conclusion. Further experimental work for both the 
holographic and x-ray systems are described. The appendices provide additional information. A 
program of work to fabricate a double ion exchanged Bragg filter at first order for 860 nm radiation 
is described in Appendix 5, along with a brief discussion of Bragg reflection.
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Chapter 2. Grating Definition by Laser Interference: Discussion.
Chapter Layout.
2 . 1. Holographic lithography.
2.2. A plane wave model for holographic gratings.
2.3. Grating period uniformity; a gaussian beam model.
2.1. Holographic lithography.
Photoresist gratings.
In 1967 Rudolph and Shmahl [1970] produced fine period diffraction gratings in a positive 
photoresist layer by exposing it to a laser interference pattern. This technique became known as 
Holographic Lithography because the grating can be considered to be the hologram of a point 
source at infinity, i.e. a plane wave.
The resist coated blank is placed in the overlap area of two expanded (collimated) laser beams. 
Irradiation with blue light induces chemical changes in the photoresist making it more soluble in 
an alkaline developer solution1. The spatial variations in intensity translate into variations in 
resist thickness after development. Exposure and development can be performed separately (ED 
technique) or simultaneously (SED technique).
The interference technique allows much finer period diffraction gratings (< l(XXX) lines mm ')  
over large areas (up to 350 mm diameter) to be produced than can be made by conventional ruling 
engines. Interference gratings are much more uniform optically than those made by mechanical 
techniques; there are no random or periodic errors and no ghosts or grass |Palmer 1975], 
Uniformity is however affected by the flatness of the substrate and the optical quality of the beams.
Gratings with a smoothly increasing period or curved lines can be produced by introducing a 
spherical or cylindrical lens into one of the beams [Livanos 1977], [Katzir 1977], IShcllan 1977],
P ho to resist should be understood to mean positive photoresist. Negative resists tend to swell 
on development and are not suitable for high resolution patterning.
page8
[Gerber 1987], but such gratings can be more conveniently formed by e-bcam lithography [Suhara 
1986],
Interference gratings were first used for spectroscopic purposes but were soon applied to 
integrated optics. Although some use was made of the actual photoresist grating itself [Yi-Yan 
1980], these structures are quite lossy and are easily damaged, especially by solvents. The 
photoresist grating is usually used as a mask for either etching [Yi-Yan 1980], [Flanders 1974] or 
material deposition onto a waveguide layer.
Photoresist characterisation.
The developed profile of a photoresist pattern depends on many parameters such as exposure 
energy [Beesley 1969], developer concentration and time, substrate reflectivity [Widmann 1975], 
[W alker 1975], the ambient humidity and temperature while the film was being prepared, and 
critically on the temperature and duration of the photoresist baking process [Dill 1977], It is 
necessary to predict the profile of a grating since it determines the efficiency with which energy is 
diffracted into the various orders [Beesley 1970]; an obvious example of this is blazing; slanted 
grooves redistribute the energy into higher orders thus increasing the resolution of the grating 
[Hecht 1974]. Knowledge of the profile is necessary for subsequent processing of an integrated 
optical device.
Fortunately there is a great amount of information on photoresists, mainly for optical 
lithography, to be found in the literature [AZ series technical data], [Washo 1977], [Shaw 1977],
A mathematical model of positive photoresist (AZ 1350 J) exposure was presented by Dill 
[1975 a, b, c.]; this model was used to predict the developed resist profile after exposure of an 
optical mask feature.
Photoresists are typically three component materials, consisting ol a base resin which gives the 
resist its film making properties, a photoactive compound, which serves to inhibit dissolution ol 
the photoresist in the developer and volatile solvents to make the material liquid for application. 
After the resist is spun, the film is baked at 75°C - 90°C for half an hour to drive off the solvents.
The destruction of the inhibitor by the absorption of light increases the dissolution of the base 
resin in the developer. Dill proposed that the rate of destruction of the inhibitor was proportional
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to the local intensity inside the resist and that the resist absorption could be described in terms of a 
constant and an intensity dependent inhibitor concentration term:
d I(x, t)
—  --------= - I  (x , t) [A M (x , t) + B]
d x  (2 . 1. 1.)
and
d  M (x , t)
   = —I(x , t)M (x , t)C
1 (2 . 1.2 .)
where I (x, t) is the local intensity in the resist layer at a depth x and t is the time, M (x, t) is the
normalised inhibitor concentration and A, B, C, are constants for a resist film prepared at a given
bake temperature, determined by examining the optical transmittance of a photoresist film with
time.
Equations (2.1.1), (2.1.2) can be solved numerically by dividing the resist into very thin
sublayers which can be considered as optically uniform. The intensity is computed for small time
increments so that the changes in the inhibitor concentration arc kept small. Defining transmission 
and reflection coefficients for each layer in terms of the intensity dependent absorption of the resist 
allows the decrement in M (x, t) to be calculated in each layer for a given time interval. This 
process is continued until the required exposure dose has been given to the resist. Coherent 
reflections from the substrate can be easily included in this model. Spatial variations in intensity 
are accounted for by dividing the resist surface into areas which receive different exposure energies. 
The effects of development were predicted from an experimentally determined power law 
relationship between development rate and inhibitor concentration.
Dumas [1985] extended this model to include oblique incidence and used the lithography program 
SA M PLE2 to produce developed profiles for thin resist holographic gratings from his inhibitor 
concentration maps.
Since the profile requirements in this work were not stringent, a more empirical ED technique 
was adopted. Photoresist parameters (AZ 1350 J, AZ 1450 J) were determined experimentally 
(Chapter 3) and from data determined by Yi-Yan [1978] and Pun [1983] in this department.
2'Simulation and modelling of profiles in lithography and etching (S.A.M.P.L.E.)', Electronics 
Research Laboratory, Dept. Electrical Engineering and Computer Science, University of 
California, Berkeley 94720.
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Holographic grating exposure.
The exposure of holographic gratings is affected by the standing wave which appears in resist 
exposed on reflecting substrates; the resist is under-exposed at standing wave nodes. Careful 
calculation of resist thicknesses must be made to ensure exposure of the resist at the surface.
A plane wave treatment of the intensity patterns that are produced in the resist layer during 
exposure is given in section 2.2., but some of the main results will be listed here. The period of 
the interference fringes, A, is calculated to be:
2sin0  (2.1.3.)
where l g  is the vacuum exposure wavelength, and 2 0 is the angle between the beams, figure 3.2.
The period of the vertical standing wave is given by:
P =  A .
(  > 2 2 '  4 n A
2
*0 (2.1.4.)
where n is the refractive index of the resist, n = 1.665 at 457.9 nm for AZ 1350 J.
Plots A against 0 , P against A , and the refractive index against wavelength are given in figure
2 .1. (a.)-(c.).
Thin resist processes.
Vertical or undercut resist walls are required for the successful deposition and lift-off of material 
from resist structures. Otherwise the deposited material forms a continuous film protecting the 
resist from the solvents and preventing a clean lift-off.
Submicron grating resist structures, formed on reflective substrates, arc not usually developed 
down to the substrate. The resist thickness is usually less than P / 2. These gratings arc used as 
masks for etching but not for lift-off.
It is possible to make high aspect ratio gratings which arc cleaned out down to the substrate in 
thick resist layers on semiconductors [Zaidi 1988], the minimum period is limited to about 
700 nm. The development of such a structure relies on the vertical development rate through the 
exposure intensity minima being much faster than the development rate parallel to the grating. The
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sm aller the grating period, the thinner the resist layer has to be to prevent the grooves from 
becoming undercut.
An undercut profile is produced when the underlying substrate has been coated with a quarter 
wave dielectric layer [Efremow 1981]. The resist is now completely developed away at the base 
where it was fully exposed. Again the resist thickness is less than P / 2, so that the thickness of 
metal that can be deposited is limited to under -70  nm. Dumas [1985] hoped to exploit this 
technique to make an X-ray mask by making the dielectric layer serve as the membrane mask 
substrate (see Chapter 5.).
Thick resist processes.
The evaporation and lift-off of thicker metal layers (< 0.3 pm) requires a thick resist technique. 
Such a technique was described by Anderson [1983] and used by Plotnik [1985] to make high 
contrast x-ray masks. A holographic grating is exposed at the surface of the resist layer and the 
pattern is transferred to the substrate dry etching through a mask defined by the grating. This mask 
can be produced in several ways; (a) either the grating can be angle evaporated with a metal 
(shadowing) or (b) another material with a different etch rate is applied to planarisc the surface (in 
this case the surface is etched until the masking material is isolated in the grooves) [Smith 1986],
The thick resist holography technique has been used extensively in this work. The experimental 
details w ill be outlined in chapters 3, 4. In their 1983 paper Anderson et al report significant 
attenuation of the standing wave by the thick resist layer. They exposed their samples using the 
333.6 nm argon ion laser line, which is near to the absorption maximum of the resist in the UV at 
350 nm [AZ data ]. In these experiments reflections from the back of the glass substrates were still 
present using the 351.1 nm argon ion line. Reflectivity effects on transparent substrates can be 
eliminated by using a back prism arrangement (Chapter 3.).
On semiconductors the resist is spun to a depth of (n + 0.5).P, n integer, to obtain maximum 
exposure at the surface.
Front Prism Technique.
At a given laser exposure wavelength the grating period is decreased by increasing 9 up to a 
maximum value (> 70°). Yi-Yan [1978] and Dumas [1985] both reported degradation of the grating 
due to increased reflectivity at the higher incidence angles. This has not been observed here. The
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ultimate limit on A is (XQ /  2) (0 = 90°), which is not achieved in practice.
Grating periods smaller than the ( \ q /  2) limit can be made by exposing the sample through a 
high refractive index medium. This is the basis of the front prism technique described by Dalgouttc 
[1975] and Shank and Schmidt [1973].
A high index prism is index matched to a layer of photoresist which is exposed through it 
(figure 2.2.). Using a He Cd laser at 325 nm with a 45° half angle quartz prism Shank et al 
managed to make a 110 nm period grating. Obviously optical contact is very important, to avoid 
unwanted reflections and to couple the light efficiently into the photoresist. It is difficult to find a 
suitable high index fluid that does not attack the resist and can be removed afterwards. Shank and 
Schm idt used Xylene as the matching fluid; Yi-Yan [1978] used carbon tetrachloride. Both 
chemicals are among the few solvents that don't attack resist, but both are extremely toxic. We 
have recently obtained high index matching fluids (up to 1.70) (Cargille labs) which should 
simplify the processing. The oils are removed from the samples by immersing the slides in xylene 
before development.
A is given by:
the prism index Plots of A against 0 at different values of \j/ for an LAC A691547 Lanthanum 
crown glass prism are given in figure 2.2. The two families of curves in the figure arc drawn for 
positive and negative values of 0 , an exposure wavelength of 457.9 nm and a prism refractive 
index of 1.705. From the figure it is clear that smaller grating periods arc best exposed using a
Although this technique is difficult to use, it does allow gratings to be made with periods small 
enough for first order GaAs /  AlGaAs DFB lasers or Bragg filters (sec Chapter 6).
Control o f grating depth - SED technique.
The problem of producing high diffraction efficiency photoresist gratings rcpcatably had been 
discussed by Beesley and Castledine [1970]. Grating uniformity can be controlled by monitoring 
the diffraction efficiency with a HeNe laser during development [Nakano 1988].
where 0 e is the external angle of incidence at the prism face, \j/ is the prism half angle and n^ is
negative value for 0 since A varies much slower with 0 .
e e
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Figure 2.2. Front prism technique: (a.), (c.): positive angles of incidence.
(b.). (d.): negative angles of incidence.
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Tsang and W ang [1974 a, b, c.] reported a simultaneous exposure and development (SED)
technique which produces deep grating grooves with sharp edges. The samples arc exposed in a
prism -like bath, the walls made from optical flats. Grating groove depth is controlled via
diffraction efficiency measurements. The period is given by (2.1.5.) with n = 1 33 the refractive
P
index o f the developer. Groove profiles produced in the ED technique tend to be rounder; this is 
because exposure throughout the resist is not uniform: when the resist is fully exposed at the 
bottom  surface, it is over-exposed at the top surface. In the SED technique, however, the 
development rate increases with depth due to the cumulative exposure of the resist. Since the resist 
develops away as soon as it is sufficiently exposed, deep grooves with narrow lines are formed.
The success of the SED technique depends on the exposure apparatus; problems were experienced 
in previous work in this department [Yi-Yan] with the destruction of the cement which bonds the 
plates together, due to the action of the developer.
The SED technique is used with thin resist layers (< 0.2 pm) and problems occur due to 
undercutting with very fine periods (< 0.3 pm), so that this technique was not explored in this 
work.
Laser induced photochemical etching of semiconductors for DFB lasers has recently been 
reported. This method is similar to SED except that the samples are not coated with resist and a 
photochemical etch replaces the developer. The results seem promising [Backlin 19871, [Podlcsnik 
1989].
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A. plane wave model for holographic gratings.
A great deal of insight into grating formation can be obtained using a simple electromagnetic 
field model. For the case of collimated laser beams the wavefronts can be considered planar. These 
wavefronts are incident in medium 1 (refractive index n^) at angles ± to the normal to the 
photoresist surface (medium 2, refractive index n^). Medium 1 is usually air or can be glass or 
developer if the front prism or the SED techniques are being used. The substrate forms medium 3 
(refractive index n ), figure 2.3., but see also figure 3.8.
The grating period produced inside the photoresist layer can be calculated and predictions can be 
made about the effects of substrate reflectivity.
M ultiple amplitude reflections of the type r ^  are neglected. Here r is the amplitude
reflection coefficient for a wave incident in medium i onto medium i; E is the electric field
0
am plitude in the resist layer.
The model considers the photoresist layer to be a purely dielectric film without absorption so 
that n^ assum ed to be real. In reality, photoresist is a non linear medium whose absorption 
changes with exposure. Although qualitative predictions for the positions of intensity maxima and 
minim a inside the resist can be made [Johnson 1978], the intensity distributions derived from the 
model will be slightly different to the final developed profile which depends on the resist non- 
linearities, its processing, exposure and development parameters.
The electric field vectors are plane polarised perpendicular to the plane of incidence (s- 
polarisation) at the resist surface by the Brewster windows on the laser plasma tube. The p- 
polarisation case is much more complicated [Johnson 1978] and will not be considered (urthcr.
The electric field vector lies along the y direction; the resist substrate interface lies along the x 
direction and the depth of the resist normal to the substate surface is measured along the /. 
direction.
In the resist layer the complex electric fields-  ^ vary as.
^Complex quantities are written in bold italics except for j, the root of 1.
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A  (x,z,t) = E e ^ 03 { '  k x sin 0 o + k z cos G )y a 1 2
B  (x,z,t) = E e j(C0 t + k x sin 0  + k z c o s 0  ) 
y b z 2
A ' (x,z,t) = r E  e j(0) t - k x s i n 0 o - k z c ° s 0 J  
y a 2 2
B ' (x,z,t) = r E  t + k x s i n 0 o ' k z c o s e Jy b 1 2
A ^  and B  ^  are the scalar amplitudes of the incident and reflected wavefronts on the LHS and 
B y  and A ^ are the scalar amplitudes of the incident and reflected wavefronts on the RHS of 
figure 2.3; k = 2tt / A,
r  is the am plitude reflection coefficient, considered complex (r = r e ) for waves incident 
from the resist onto the substrate (r = r  ). Dropping the subscript y, the total electric field in 
layer 2 : is :
E  (x,z,t) = (A + B  + A ' + B ' )  (2.2.5.)
t y y y y v ’
The photoresist pattern is determined by the intensity distribution, I (x,z) ~ E- E* :
2 2 2 2 2
I (x,z) = E + E, + r (E + E ' )a b a b
+ 2 E E, (1 + r2) cos (2 k x sin 9 ) 
a b v v 2
+ 2 r (E ^ + El 2) cos (2 k z cos 0 - (b)v a b 7 v 2
+ 4 r E E  cos (2 k x sin 0 ) cos (2 k z cos 0 - 6 ) 
a b v 2 2
(2 .2 .6 .)
(j) is the phase change caused by the reflection.
Several limiting cases of equation (2.2.6.) will now be discussed.
Case 1. Equal intensity beams. Zero substrate reflectivity
(E _  £  _  e  , r = 0). Physically this case corresponds to a glass slide contacted with index 
a b O’
matching oil to a prism of the same refractive index which has had two of its faces painted matt 
black to make them absorbing, or the exposure of a sample where an anti-reflection coating has 
been put below the resist layer, Chapter 3.
Equation (2.2.6.) reduces to:
(2 .2 . 1.)
(2 .2 .2 .)
(2.2.3.)
(2.2.4.)
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2
I (x) = 2 Eq (1 + cos (2  k x sin 0^)) (2.2.7.)
The intensity is periodic in the x direction with period A given by 2 k A sin 0 = 2  n
2 - - ° r:
2 n sin 6
1 (2 .2 .8 .) 
Equation (2.2.8.) can be expressed in terms of 0^, the incidence angle in air as:
2 sin 9
1 (2.2.8.a.)
The fringe visibility V, is defined by:
y  _  max ^min
max + ^min (2 2 9 )
2
Substituting Imax = 4 Eq and Im . = 0 in (2.2.9.) gives V = 1. In this case fringes of perfect 
visibility are formed throughout the resist layer.
Case 2. Different Intensity Beams. Zero reflectivity.
(E = a  E^, E, = E n , r = 0, 0 < a  < 1) As described in Chapter 3, there is a 10 % intensity a (J b 0
difference between the beams for UV laser exposures (351.1 nm). The beam splitter used is coated 
for operation at 325 nm. This intensity difference gives rise to a reduction in the visibility of the 
interference fringes.
I (x) = Eq2 (1 + a 2 + 2 a  cos (2 k x sin 0^)) (2.2.10.)
2 2
The period is unchanged but Imax I mjn ^  now Eq 0  + a ) a°d Eq (1 - oc) and the fringe 
visibility becomes:
V -  2 a
1 + a 2 (2-2.11.)
It is significant that V is a very slowly varying function of a  for large a  (Figure 2.4.). n  =
0.95 for a 10% intensity difference, i.e. V = 0.999. The fringe visibility is unchanged although
I is reduced to 0.25.(1 + a ) 2 of its value in Case 1. Substituting a  = 0.95, Imax is reduced by 
max
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5 %. Note that I . is non zero, mm
Case 3. Equal amplitude, finite reflectivity.
This case corresponds to resist on metals or semiconductor E = E .
a b ’
2 2
I ( x ,z)  =  2E q  (1 +  r +  2 r cos (2 k z cos 0^ -  <{>))
x (1 + cos (2 k x sin 0^)) (2.2.12.)
The first bracket in equation (2.2.12.) represents a lateral standing wave in the z direction of
period P. This standing wave perfectly modulates the grating pattern along x in the z direction for 
unity reflectivity. This standing wave limits the resist thickness that can be used. For resist on 
sem iconductors, the resist just above the substrate is not exposed, because a standing wave 
minimum forms there.
S ince the refractive indices of semiconductors and metals arc complex, their reflection 
coefficients have phases between 0 and k . As an example consider the case of resist spun on 
silicon . Silicon has a refractive index n = (4.575 - 0.1305 j) at 457.9 nm so that r = 0.494,
<j) = 0.98 n  ( see Appendix 1.).
According to equation (2.2.12.), the positions of minima in the standing wave pattern depend on
<t>:
cos (2 k z cos 0^ - 0) =-1 or
(2 k z cos 0 2 - <(>) = (2 m + 1) k , where m = 0, 1, etc.
W hen (j) = 0, as it is in the case of resist on glass > n^, the first minimum occurs at 
z = n  / 2 k  cos 0^  (rn = 0). An intensity maximum is formed at the substrate surface.
W hen <|> = k  as it would be for resist spun on sapphire for example, a minimum occurs at 
z = 2 7t / 2 k  cos 0^ (m = 0), but there is also a minimum at z = 0 since this value of z is equal to
P .
W hen (j) = 0.96 n  for resist on silicon (see figure 2.5.), the minimum occurs at 
z = - 0.02 re /  2 k cos 0 2-
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Figure 2.5.
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Relative intensity plots for standing waves at a grating maximum:
(a.) on a perfect reflector (r = 1 ,<J> =n )
(b.) on a silicon substrate (r = 0.494, 0 = 0.96/r )
z = 0 represents the substrate boundary; n.b. the fields are 
rapidly attenuated inside the substrate, below z = 0, the fields 
are shown only to explain the phase at z = 0.
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P can be expressed in terms of the grating period A as:
w  - L
P = A (4 n - 1)
Plots o f P against A for various A. are given in figure 2.1.(b.)
(2.2.13.)
The difference in exposure seen by che resist at various depths can be appreciated by looking at 
the ratio R  o f standing wave intensities 1 ^  (z max), I (z min) occurring at a grating
m axim um .
R =
I (z 1m a x  v m a x ; 1 + r
1 -  r
(2.2.14.)
This result is independent of the individual incident beam intensities as can be seen from cqn
(2.2.6.) with E = a  E and E, = E :
a 0  b 0
2 2
I ( x ,  z )  = Eq ( 1 + a  + 2 a  cos (2 k x  sin 0 )) 
2
x  ( 1 + r  + 2 r cos (2 k z cos 0^ - <(>)) (2.2.15.)
I (z max) is (1 + a ) 2(l + r)2 and I (z min) is (1 + a ) 2(l - r)2. max max
Putting r = 0.435 into (2.7.14) gives a ratio of 6.45. A small reflectivity has a large effect on 
this standing wave ratio.
2 2
!m ax (z max) is 0  + “ ) 0  + r) 1 4 of its value in Case L Substltuting a  = r = 1 inl°  lhc 
preceding expression indicates that exposure times on highly reflecting substrates are 1 / 4 ol their
values in Case 1.
Case 4. Non-symmetric incidence.
The following section extends the plane wave model to look at the case of beams4 incident on
a reflecting sample at angles 0, 0; <J> > 0. Figure 2.6.
The resulting expression for the intensity in the resist on a reflecting substrate becomes v e r y  
com plicated since the reflection coefficient is a function of 0 , 0 , and will be different 
beam.
4s-polarisation.
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A2A =
resist n = 1.665
-A substrate
Figure 2.6.(a.). Three layer system for the plane wave model of holographic exposure 
(asymmetric incidence). A, B are the incident wavefronts, A’, B’ arc 
the reflected wavefronts.
spatial interference pattern
resist
\
Aj) =  A /c o s  A
Figure 2.6.(b.). The grating period recorded in a resist layer tilted through an angle A 
to the spatial interference pattern is increased from A to A b.
The resist layer lies along the x axis.
A'is the slant angle in air, which determines the recorded grating period along x. 
A is the slant angle in the resist which determines the grating blaze via equation
(3.2.4.)
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W ave A  is incident at 9 , and wave B  is incident at <}>. The reflected waves arc B ' (()>) and 
A ' (0 ). All the E vectors are polarised along the y direction.
Put r  = I r I e^ ^a ,b : 
a ,b  a ,b
The fields are:
a / T7 j (cot - k x sin 9 + k z cos 0) „A (x ,z,t) = E e 1 (2.2.16)
B t t\ c  j (cot + k x sin <b + k z cos 6)(x,z,t) = Eb e J v Y (2.2.17)
At f .\ r- j (cot - k x sin 9 - k z cos 9 + y j  A  (x,z,t) = r E e (2.2.18)
B ' (x,z,i) = r E e J (“ ‘ + k * «■> * - k z cos * +y„) 
b  b
Putting <j> -  0 = 2 A (<)>, 9 on opposite sides of the normal to the surface), <J> + 9 = 2 p ; after 
some manipulation we obtain an expression for the intensity:
I(x ,z ) = E 2 ( l + r 2) + E 2 ( l + r  2)
a a b b
+ 2 E E [cos (2 k (x cos A - z sin A) sin P) 
a b
+ r r cos (2 k (x cos A + z sin A) sin P + w - y  ) 
a b  b a
+ r cos (2 k (x sin P + z cos P) cos A - y  ) 
a a
+ r cos (2 k ( - x sin P + z cos P) cos A - y )| 
b b
+ 2 r E 2 cos (2 k z cos 0 - y  )
a a a
+ 2 r E 2 cos (2 k z cos <\> - y ) (2.2.20.)
b b  b
The expression can be simplified by setting E^ = E^ = E() and cither ra = rh = ^ or  ^ (*cro ° r 
unity reflectivity).
In the absence of reflectivity and assuming E^ = E^ = E(), I (x,z) becomes:
I (x,z) = 2 Eq2 [1 + cos (2 k (x cos A - z sin A) sin P)J (2.2.21.)
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Equation (2.2.21.) represents a grating of period (X, / 2 sin [(9 + <>) / 2]) along a new axis x' 
oriented at an angle - A to the x axis. Along the x axis the grating is blazed. The blazed grating 
produced in the x,y plane is simply the projection of the grating produced along x'.
Note that this expression (2.2.21.) has been derived inside the resist layer. 0 ' and <J> ’ outside the 
resist will be different. The values of A and P will be different in air and in resist.
In air, equation (2.2.21.) can be written as
I (x,z) = 2 [1 + cos (2 k.Q (x cos A' - z sin A') sin (3')] (2.2.22.)
where the primed quantities refer to the air and k^ is the vacuum wavcvcctor.
In resist the equation becomes:
I (x,z) = 2 E ^ [1 + cos (2 n (x cos A - z sin A) sin P) 1 (2.2.23.)
where and n is the resist refractive index. Rewriting equations (2.2.22.), (2.2.23.) in terms of 9 ', 
<}>', 0 and <J) we see that the grating period along the surface (z = 0) will be the same by virtue of 
Snell's law.
I(x , z) = 2 E q2 ^1 + co s2 kq  [ y  (sin 9' + sin <j>') + (cos 6 ' -  c o s 0 ')  1 j
I(x , z) = 2 E q ^1 + c o s 2 k 0 n [ y  (sin 0 + sin 0 ) + (cos 9 -  co s0) ] j
£2.2.24.)
As an example consider a 356.2 nm spatial interference pattern (P' = 40°) recorded with the 
normal to the sample making an angle A' = 15°, to the bisector of the two beams.
In this case 0 ' = 25°, (J)' = 55°, but 0 and <> in the resist arc now 14.7° and 29.5°, so that A is 14.X,J 
and P is 22.1°. Along the x' axis in the resist, the grating period A r is
A
r 2 n sin /J (2.2.25.)
which is 365.5 nm for the above example.
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2.3. Grating period uniformity: a gaussian beam model.
In the holographic arrangement used in this work, the gratings were formed by the interference of 
two gaussian beams diverging from the spatial filters. It is important to understand the effects of 
this curvature of the wavefronts on the resulting grating.
The treatment may be simplified by assuming that the gaussian beams intersect orthogonally to 
one another, the spatial filter separation from the intersection point is the same, and the beams arc 
both s-polarised, figure 2.7. The model presented here may be generalised to include different 
spatial filter distances and values of 0 other than 45°.
Equidistant gaussian beam waists.
The gaussian beam waists are both the same distance a away from their intersection point, O. 
The beams have the same size beam waists (Oq, and the same phase at the beam waists. The beam 
waists are located at (0, - a), (- a, 0). The grating is recorded in the plane OP oriented at - 45° to the 
x axis.
A gaussian beam propagating with its waist at z = 0 along the z axis has the form:
E (x,y,z) = (a> /  to(z))c
- r2 /  co2(z) e- j (k [z + r2/ 2 R(z)] - r\ (z))
(2.3.1.)
zQ is the confocal beam parameter given by:
(2.3.5.)
and k = 2 n  / X. The spot size co(z) is defined by
2 . , 2 ... 2 2, 
(0 (z) = coQ (1 + Z / z o ) (2.3.2.)
where o)^ is the spot size at the beam waist. The other terms arc:
(- j k z) - the plane wave propagation term,
(- r2 /  co2(z)) - the gaussian intensity function, normal to the the z axis,
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Figure 2.7. Geometry for gaussian beam model.
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2 2 : r = x + y
r|(z) - a slowly varying phase function given by:
p  (z) = tan '1 (z / zQ) (2.3.3.)
2 .
(- r j k /  2 R(z)) - a phase term depending on wavefront curvature,
R(z) - the radius of curvature of the gaussian beam, given by:
R(z) =  z (1  +  z 0 2 / z 2 )  (2.3.4.)
For each of the two beams, there will be a variation in x or y in the plane of the resist as we 
move over OP and hence variations in o)(x), 0)(y), T|(x), T|(y) R(x) and R(y). It is helpful to begin 
the analysis by a consideration of the order of magnitude of these terms. Take the spatial filter to 
O  distance as 25 cm and as 10 |im.
Consider the one dimensional case for a beam propagating along the z axis. The beam waist is at 
z = 0 and we want to know how the parameters change for a 1 cm change in z at z = 0.25 m.
z = 6.86 x 10 4 m, co = 3.64 x 10 3 m at z = 0.25 m
(1.) Variation in co(z): From eqn (2.3.2.) we have:
d (0 (z) w o Z
dz 2
Z Q CO (z)
A (o (z) 
CO (z)
z A i.
771 = 0. 04;
-  4
A co = 1. 5 x 10 m
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(2.) Variation in R(z):
d R ( z )  _  z o -  2
“ d 2 1 R  = 10 m.
z
2 2
4 R ( z )  z  Z0 A 7
- R - = T 2  % / Z ^ = 0 04-
zl z + zo J
(3.) Variation in Tj(z)-.
d7| ( z)  z 0 z 0 _ 3
d z  2 , 2  z
z + z o
= 2  7 4 x 1 0
Art - 5
- jp -  = 1. 74 x 10 ; tj (0. 25) = 1. 568
r|(z) varies slowly and can be treated as a constant.
and E^ are the fields propagating along the positive x and positive y directions.
2 2
E. (x,y,z) = ((Oq /  (o(x. + a)) e ri  ^w ^Xi +
- j k ((x. + a) + r.2/ 2 R(x. + a)) . e i i i
(2.3.6.)
2 2 2 2 2
where i = 1, 2 and denotes beam 1, 2. x. = x or y and r. = y + z or x + z for beam 1i i
beam 2 respectively. T|(x.) can be taken as zero.
A new set of axes x', y' are defined parallel and perpendicular to OP with their origin at O. x 
y' are rotated through an angle (- 0) with respect to the x axis: c 't j
x = x' cos (- 0) - y' sin (- 0) = x' cos 0 + y' sin 0
y = y' sin (- 0) + y' cos ( -0 )  = - x' sin 0 + y' cos 0
z = z’ (2.3.7.)
a n d
' a n d
page 30
In the grating plane y' = 0, and since 0 is 45°, cos 0 = sin 0 = 1 / V2. 0 is also the angle which 
determines the grating period through eqn (2.2.8.).
A long OP we can represent x, y as:
x = x ’ , '
y = - x Z n  (2.3.8.)
2
The intensity is given by IE = E + E^ I where E is:
t 1 2 t
E (x,y,z) = A e- J k ( x  + a + r / 2 R ( x  + a))
t  ^ 1
2
2 2 2 2 
where r. = r = x’ /  2- + z and A. is given by:
+ A 2 e - j M y  + a + r / 2 R ( y  + a)) (2.3.9.)
A. = (to0 /co(x. + a ) ) e ' r /ro  (xi + a) (2.3.10.)
using the identity:
I a 1 e ^ l  + a2 e-1 ^2  I2 = a *  + + 2 a x a2 cos ( P 1 - P 2)
we have I (x', 0, z') becomes:
I (x’, 0, z') = A j2 + A22
+ 2 A^ A2 cos [ 2 k x' . J J
+ k r2 /  2 (1 /  R(a + x ' / « z  ) -  1 / R( a - x j j i  ')]
(2.3.11.)
From  eqn (2.3.13) we see immediately that on the beam axis (x’ = 0) the grating period is the 
same as for the plane wave case.
Before determining how the period changes as we move over x in the grating plane, the value
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of A at the edge of the grating must be obtained first.
The grating edge is defined by point Q, where the beam waist meets the plane OP. For beam 1 
this corresponds to a value of x given by the solution of:
1 + (x  + a)
2 \
(2.3.12.)
solving for x:
(O.
x = — r °  2 l a%  ±zo J a2+zo2- " o 2
z n ~ co(\0 0 (2.3.13.)
and since a » zQ, (0 ^; x becomes:
co a 0x =
Z -  0)
o o (2.3.14.)
. 3
Equation (2.3.14) predicts a value for x = 3.79 x 10 m. This is just a little bigger than
-3
co(0.25) = 3.64 x 10 m. This is quite reasonable. The value of x' corresponding to the
-3intersection o f the beam waist with the grating plane is x /  - f i  = 5.23 x 10 m, so the grating 
diam eter is approxim ately 10.5 mm.
An expression is needed for the difference of the reciprocal radii of curvature:
A(1 /  R) = [1 /  R (a + x’ / p i  ) -  1 / R (a - x'/j~£ )]
Substituting into equation (2.3.4.) we obtain:
_ 2 2 
Since z^ is very much smaller than (x' / j _  ± a ), it can be neglected.
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„i). >.v-
,2 , 
x / (2.3.15a.)
-3 -1The difference in 1 /  R at x V p  = 3.79 x 10 m is - 0.121 m . The wavefront dependent part
2
of the argum ent of equation (2.3.11.) is proportional to <]) = (r /  2) A(1 /  R) where r depends on x' 
sin 0 and z. In other words, away from the central point O, the grating has not only a chirp in the 
x' direction (z = 0) but also the grating lines become curved because of the dependence on z. We 
will look at the on axis (z =0) effects, r is just x’/'„■■> and <}> becomes:
O ' )  =
( x ' / ; X )
-  a (2.3.16.)
,-7
A t the grating edge $ has a value of - 8.71 x 10 m. As x’ increases by A(x'), the argument of 
the cosine in equation (2.3.11.), \j/ = 2 k x ' / j z  +- k <J>(x'), increases by 2 n :
Y + 2 7 t = 2 k ( x ’ + A (x’)) ( n  + k <j)(x’ + A(x^) (2.3.17.)
2 k A (x') / J z  + k (({) (x' + A (x’)) - <)> (x')) = 2 k
and
d d) \  ' f x ’) /2.
0 ( x '  + A ' ( x ’) )  -  0 ( x ’) = A' ( x ' )  / f i  + ---------- 2----- + . _. + higher order terms 
(2.3.18.)
where x = x' / vTL
0 ( x) = “ 2 2
x -  a
d<t> _  x 2 ( x 2 -  3 a 2) = _ 6 Qn x in 4 
d x z
(  x 2 -  a 2)
and
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d \  2 a 2 x ( x 2 + 3 a 2) n ^  
 r r  - ---------------------------- t -------- =  — (J. J o
15 x ( x 2 -  a 2)
. 3
evaluated at x = 3.79 x 10 m
As A (x ') is typically a few hundred nanom eters, the second term o f equation (2.3.18.) is smaller
-4
than the first term by a factor o f 1.2 x 10 and can be neglected. Equations (2.3.17.) and (2.3.18.) 
become:
2 k A / ; T  + k A / f t  0(|) /  Ox) = 2 n
and
A = A(0) ( l  + (1 /  2) 3<J) /  3 x )  (2.3.19.)
where A(0) is the period predicted by the plane wave model (equation (2.2.8a)). Substituting
_4 ,
3<J) /  3x = - 6.90 x 10 in (2.3.19.) allows an estim ate o f the m agnitude o f the chirp to be made.
3
A /  A(0) = 1.00035 a chirp o f under 1 part in 10 over approxim ately 5 mm o f grating.
Phase differences over the grating length due to chirping.
The grating chirp has an effect on the radiation diffracted from the grating. Consider radiation 
diffracted at some angle a  from such a grating illuminated norm ally with coherent radiation, 
figure 2.8.
Suppose that the unperturbed period is A and the period o f the n th corrugation, A n = A }, 
changes only very gradually over a very large num ber o f repeats, then the angular distribution of 
the diffraction  orders is to a first approxim ation unaffected. Each new repeat in the grating, 
however, adds an additional small path difference, 5 rn, between the radiation scattered from adjacent 
scattering centres to the A sin a  that appears from the unperturbed grating. 5 rn is very small but
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n-2
n-1
n-2
to distant point P
n - l
*1
h
rn-2
r n -l
rn
a _  a m -l A
m _ a  m - l - a  A i 
r l - r2  =  A jS in  a
$2 - ^  = A^ sin a= A j( l+ d )s in  a
r - r = A m , sin a  m -l m m -l
=A ^(1 + d.(m-2) )sin a
Figure 2.8.(a.) Geometry for chirped grating calculation.
The grating consists o f n scattering centres; adjacent separation A in the x' direction. The distance 
from point m to point P  at an angle a  to the normal to the grating plane is rm .
a is the chirp factor = 1 + d where d « 1, hence a111’* = 1 + d . ( m - l ) .
The path differences r^  - r mdetermine the phase differences between the contributions over the 
grating relative to point 1 and hence determ ine the final Field at P. This is
m-2
rl "rm = Ai sinot ((m -1) -+£n.d J
n =1
The first term in the brackets is the unperturbed grating term, the sum m ation represents the extra 
path differences caused by the chirp. There will be com plete cancelation o f light contributions over the
grating if the sum m ation equals A , . N ote that the sum m ation forms an arithmetic series and has a sum
(m -2).(m -l) d / 2 .
6.0  -o
S §  4 .0 -  
<
0.0
3.0 5.04.02.01.00.0
x ' a - (m m )
Figure 2.8.(b.) Plot o f fractional change in period AA / A (0) against
grating coordinate x'.
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over the whole grating area ^ n8rn becom es significant.
If  ^ n8rn equals then an extra 2 k  phase difference appears for radiation diffracted from the 
edges o f the grating. If the grating contains N  repeats, this condition is m et by
(Z A - N.A ) sin a  = Z 8r = A (2.3.20.)n n 1 n n \
where the sum m ation runs from n =1 to n = N.
In the far field radiation from different parts o f the grating w ill cancel itself out, since for 
radiation  from  any point on the grating, there is always a point another po in t which produces 
radiation 7t out o f phase with it.
It is im portant to calculate the magnitude of Z n§rn for the interference gratings. Sem iconductor 
DFB lasers are usually only 300 |im  or so long, so that £ n§ rn should be quite sm all over this 
distance. Gratings required for spectroscopic use are a lot larger5 (at least 5 cm or so in diameter) 
so £ n§rn is also going to be much larger.
Calculation o f  Ln5rn fo r  interference gratings.
The grating period, equation (2.3.19.) can be rewritten as
A  (x )  = A  (0) ;2 ( x 2 - 3 a 2)
Z ( x 2 -  a 2) (2.3.21.)
This function is plotted as (A - A(0)) /  A(0) against x = x ' / j f  in figure 2.8.b.
N ear to x = 0, A is only a very slow ly varying function o f x. Z A is calculated  using a
n n
generating function, figure 2.9.a. Note that the generating function m ust be expressed in terms of 
x', the grating coordinate instead o f x.
5The resolution o f a spectroscopic grating is inversely proportional to the num ber of lines in 
the grating.
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The grating has a maxim um  at x' = 0; after m periods the maxim um  occurs at x' . The position 
of the (m + 1) th peak is calculated as follows.
A fter m repeats, the grating period is A , the next period is A , given by
m m + 1
1 + dA
d x'_
m j (2.3.22.)
and the next peak (m + 1) occurs at
x' = x' + A 
m + 1 m m + 1
(2.3.23.)
A com puter program  was written to calculate Z  A using equations (2.3.22.) and (2.3.23.) over
n n
a defined number of grating periods N.
(dA /  dx') is obtained from (2.3.21) as [ \ / ^  . (dA /  dx)]
dA
d x ’ -  i A ( 0 ) . ^
= - A( 0 )
d x 2
a 2 x ' / i  (  x ' 2 /2-  + 3 a 2 )
(.„2,x* / i  e - a 2) (2.3.24.)
dA /  dx' is a slowly varying function o f x’ and for small x' is approxim ately linear, figure 2.9.b. 
The grating extends as far as ~ 5.2 mm on either side of x  = 0. To a first approxim ation dA /  dx' 
is taken to be linear in x'.
dA /  dx' = 3 (A(0) x' /  2. ) /  a (2.3.25.)
Z A is evaluated by working out the total num ber o f repeats o f the unperturbed grating, N, in 
n n
the device and then working out the sum up to N  terms using equations (2.3.22.) and (2.3.24.).
8 r n is sim ply this sum m inus N.A .
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A(x)
m+1
A(0)
►
x
Figure 2.9 .(a.) Geom etry for setting up the period iterations: calculation at
point A sets up a new iteration point at B.
0.3
;3  0 .2  -  
<
< ?
0.0
0.0 1.0 2.0 3.0 4.0 5.0
x = x' /jj  (mm)
Figure 2.9.(b.) P lo t o f (1 /A Q) d A / dx against X' / J I  w here x' is the grating
coordinate andA Qis the unperturbed grating period.
N ote the function is written in terms o f x = x' /  Y /
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At 457.9 nm exposure wavelength and with 0 = 45°, A (0) is 323.8 nm. An integrated optical 
device 300 fim long has 926 repeats. If fabricated in the centre o f the grating, the device has an 
overall phase shift [(X  A - N . A , )  /  A 1 of 3.33 x 10 4 , i.e. 0.033 %.
n n 1 1
_3
If the device were fabricated at the grating edge, x' = 5.23 x 10 m, then 
A' = 1.00035 x 323.8 nm -  323.91 nm.
The end point is 5.53 x 10 ^m and [(X A - N . A J / A 1  is 0.018, i.e. 1.8 %.
n n 1 1
5.23 mm of grating contains 16152 grating repeats and [(X A - N.A ) /  A 1 is 1.76,
n n 1 1
indicating that the gratings would not be suitable for spectroscopic use.
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Chapter 3. Grating Recording: Experimental.
Chapter Layout.
3.1. The optical bench.
3.2. The fabrication of holographic gratings.
3.1. The optical bench.
Som e of the principles o f grating recording by laser interference have already been discussed in 
C hapter 2. In this chapter the d iscussion is extended to include the requirem ents o f the 
interferom eter, presented in the first section; and the experim ental work is described in the second 
section. This second part outlines the problem s met with exposure on different substrate types.
The follow ing chapter concludes the lithographic process with a discussion o f pattern transfer by 
dry etching.
Interferometer Arrangement.
V arious optical arrangem ents can be used to expose holographic gratings, such as the com er 
cube arrangem ent used by Zaidi (1988), figure 3.1.(a.), the three m irror interferom eter used by 
D algoutte (1975) p 131 and Yi-Yan (1978) p 125, figure 3.1.(b.) or the sym m etric two mirror 
in terferom eter used in this work and previously by Pun (1983) p 139 and Dum as (1985) p 105, 
figure 3.2. Each w ill now be briefly discussed in turn.
The three mirror arrangement.
A fter the beam  passes through the spatial filter it is collim ated to form a quasi-plane wavefront. 
T he beam  is sp lit into tw o arms. Since the split beam s are not filtered and are of large size, the 
flatness o f the m irrors affects the final grating. If  each beam is separately filtered and collim ated 
ju s t before they interfere, the problem is minimised.
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Comer reflector on 
rotation stage.
Sample Mirror
10 Jim pinhole <; ^  10 x objective
oooo
(a.)
grating recorded 
on sample
rotatable
m irrors
beam splittermirror
collimating
lens spatial
f i l t e r
ON
OO
OO
(b.)
F igure 3.1. (a.) The com er cube arrangement described by Zaidi (1988), the grating period
is altered by rotating the stage. The geom etry has the advantage o f ensuring 
equal angles o f incidence (90° -OC) and equal flux densities.
(b.) The three mirror interferometer after D algoutte (1975).
page 41
The arrangem ent has the disadvantage that it is difficult to alter the period and keep the path 
difference between the beams as small as possible.
An advantage is that any aberration on the wavefront is not com pounded by lateral inversion.
The corner cube arrangement.
One novel system  is the corner cube arrangem ent. It has the advantages o f sim plicity and 
stability against vibration. To produce gratings o f different periods, the device is rotated. The size 
of sam ple that can be accom m odated is lim ited by the geom etry, w hich also lim its the range of 
periods that can be selected. The arrangem ent does not use a collim ating lens so that the distance 
between the spatial filter and the cube m ust be large.
The symmetric arrangement.
The 457.9 nm or 351.1 nm argon laser light is split by a beam -splitter (B S) into two equal 
intensity  beam s (a , b), then reflected by m irrors ( M l ,  M 2 ), passed through tw o spatial filter 
assem blies (SP1, SP2) and brought together at point O . The gratings are recorded in the overlap 
region o f the two beam s, figure 3.4.
Advantages and disadvantages o f  the symmetric arrangement.
(i.) The requirem ents for the temporal coherence of the source are not as stringent as for the three 
m irror interferom eter because the optical path differences (o.p.d.) between the two (unexpanded) 
beam s can be m ade arbitrarily small. In the x - z plane a path difference between the interfering 
beam s exists across the grating surface due to the finite width o f each beam . This path difference 
increases at larger values of 0 , figure 3.4.
(ii.) In the overlap region any aberrations on the w avefront such as phase errors due to scattering 
from im perfections on the m irrors are com pounded by their im ages laterally inverted about the y 
axis (figure 3.1.). H igh flatness m irrors (to within X /  20) are used. These effects are reduced by 
setting  S P 1 , SP2 after M l ,  M 2 .
(iii.) The optical com ponents are easily rearranged. The grating period is a function o f exposure 
w avelength and the angle o f incidence 0^ via equation .(2.2.8). F or a specific Xq , 0^ may in 
practice be varied between 20° and 70°. W orkers such as Yi-Yan (1978) have reported difficulties in
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M l
SP1
B SD P
S P 2
M 2
A = X q /  2 s in 0
Figure 3.2. Symmetric interferom eter for producing holographic gratings.
(The interferom eter is set for UV operation at 351.1 nm w ith the dispersing 
prism  DP and beam stop S.) The back prism  assem bly is not shown. M is a 
steering mirror.
L
D
i r
d = 2 X 0 f / D
tana = ^0/ D
Figure 3.3. Geom etry for estim ating pin hole size. D is the incident beam
diameter, d the diam eter o f the focused beam. L is the plane of the 
lens.
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m aking g ratings w ith 9 j  larger than 55°, due to phase errors on the beam  and spurious 
m odulations appearing on the grating due to the increased reflectivity at the resist-glass interface. 
In this work gratings were successfully m ade at high incidence angles up to 70°; although some 
occasional m odulation was seen, the quality o f such gratings was very good, see section 3.2.1.
T he positions o f M l ,  M 2 are set so that p  and q  are fixed irrespective o f  0^. The grating 
period can be easily changed from 356.2 to 285 nm for exam ple if the beam  paths corresponding to 
these two values of A are already marked out.
The production o f gratings needing a large incidence angle, > 60°, or a low  incidence angle,
< 20°, is m ore difficult. A sm all 0^ im plies a large r, s', in fact r, s m ay not fit onto the table. 
To produce large period gratings the exterior prism technique was used, figure 3.5. (M urphy 1987). 
The alum inised prism  shortens the apparent baseline betw een M l -M 2 so that r, s w ill fit on the 
table. A = 2 Jim (0 = 6.6°) was achieved using Xq = 457.9 nm in this way. The spatial filters are 
positioned ju st before the prism.
The large values o f 0^ needed to produce short period gratings result in r and s being too short 
to accom m odate the spatial filters. The baseline between M 1-M 2 is then increased.
Accuracy in setting A.
The angle between the beam s can be set to within 0.25°. From  equation 2.2.8.a., an expression 
for the percentage error on the period can be obtained.
(8A /  A) = 100 c o t 0  80 % (3.1.1.)
The error on the period is larger at low angles o f incidence, 0 . As an exam ple, taking 80  ^  as 
2.18 x 10 3 radians (= 0.125°), the error on the period is 0.6%  and 0.2%  for 9^ = 20° and 60° 
respectively.
Setting up the interferometer.
In this work the interferom eter is set up as follows: A black m etal target m arked with a white 
cross hair is used to set the height o f the laser beam  at 15 cm above the table. The beam splitter is 
placed in its approxim ate position and rotated until an equal pow er split is obtained. The split
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F igure 3.4. The grating pattern is form ed in the overlap region of the two beams A, B which
is defined by the trapezoid DEFG shown for two cases; 40° and 70° incidence. 
The sam ple is placed in the plane CC' for m axim um  overlap.
There is a path difference HE between the wavefronts from each beam at the 
grating edge. N ote the increase in overlap area and in HE at high angles o f 
incidence and the corresponding contraction in the z direction.
steering mirror M l
SP1
beam
splitter pnsm
SP2
M2
sample
Figure 3.5. 'Exterior prism ’ optical configuration for producing very large period (> 600 nm)
holographic gratings. Two o f the prism 's square faces were evaporated with 
a thin layer o f alum inium  to enhance the reflectivity. The third square face was 
painted m att black.
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could be m easured to within 0.5% for 457.9 nm and 10% for 351.1 nm.
The orientation o f the splitter defines p  and q which are now draw n on the bench. Two large 
plastic set squares held vertically between magnetic clam ps are placed in the path o f the beam and 
the position on the table is marked where the square ju st blocks the spot. The m arks map out the 
beam  path and a line is drawn on the table corresponding to it. If the line is correctly drawn, 
replacing the squares anywhere along it should ju st block the spot. The spot appears larger than it 
is because the plastic scatters the light. V iewing it through laser safety goggles, the scattering is 
rem oved and a small yellow spot is seen.
O nce p , q are draw n on the bench, the separation between BS and M l ,  M 2  can be measured 
out. It is typically  40 cm. The splitter is not rem oved from  the table after the beam  pow er 
m easurem ents are done. O riginally it was rem oved and the two lines were m easured off from their 
intersection point. The splitter was replaced and its alignm ent checked by com paring the reflected 
path p , w ith the line drawn on the bench. Replacing the beam  splitter accurately is very difficult 
to do, so instead the paths are m easured out by drawing lines parallel to p , q and m easuring the 
distances from the intersection points o f these lines. This may introduce a path differences of 
1 mm or so between p , q which is acceptable.
The line M l  - M 2 is now constructed. The angles between this line and r , s are calculated to 
produce the required intersection angle 20 and drawn on the bench using a 6 inch diam eter circular 
plastic protractor m arked o ff to 0.5°. Tw o m arks are m ade on either side o f the protractor for each 
angle. Lines r, s are now drawn and their intersection angle can be measured to within 0.25°.
The positions for the spatial filter m ounts are m arked on the bench, equidistant from O, the 
intersection point. M l  and M 2 are positioned and the set squares are used to align the beam along 
the paths. The beam  heights are checked again.
The sam ple holder is placed at O. This holder was designed by Yi-Yan (1978) p 131; the stage 
holding the sam ple and prism is held horizontally on a goniom eter which can be rotated about the 
z direction, figure 3.6.(a.).
T he spatial filter m ounts are positioned so that the beam  axis passes through the centre o f the 
apertures in which the lens and pinhole are mounted. The m ounts are Pi optical type with
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Figure 3 .6 .(a .)
Figure 3 .6 .(b .).
C a l i b r a t e d  gon io m e t e r
Sampl
ml..
Magnet ic stand- 
  /
1/
Diagram  o f  the sam ple holder for exposure o f  holographic gratings. The 
unit w eigh s about 1 kg and is attached to the bench by m agnetic clam ps.
Photographs o f  U V  spatial m ode patterns (351.1  nm). The differences 
betw een the TEM qq gaussian m ode and the TEM*0 ^doughnut’ m ode 
can be clearly seen. The intermediate TEfv^  ^ m ode is a lso  shown. 
N orm ally these m ode patterns are much less distinct, but the pressure in 
the tube was low  enough to g iv e  a high pow er output so that the m odes 
could be selected  by scanning the HO RIZO NTAL control on the laser.
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m icrom eter screw drives at 45° to the x and y axes to m ove the pinhole and lens holders. On the 
end faces o f the filter assembly there are white crosshairs indicting the filter's optic axis.
A plane glass slide index m atched to the hack ' prism is placed on the sample holder. When the 
glass slide is set correctly, the two incident unexpanded beam s overlap on the front surface of the 
slide and their reflections can be seen on M l ,  M 2  usually  ju s t below  the main spots. By 
observing the overlap o f the beams and their reflections, the slide can be exactly positioned normal 
to the bisector o f the two beams; any small height adjustm ents are m ade now to M l ,  M 2.
The back prism  is clam ped from above and the position o f the back prism  and the front o f the 
glass slide are drawn on the sample holder table. The prism can now be replaced accurately. If the 
samples to be exposed have a different thickness from the slide, then their front surfaces have to be 
positioned along the line marking the edge o f the glass slide. In this w ork the accuracy with which 
the samples were positioned was not critical. To ensure that the errors on the period o f the grating 
are m inim al a better way o f repositioning the samples needs to be devised. This alteration could be 
done simply, by  mechanically determ ining the position o f the back prism for example; but it was 
not necessary to do this here.
Beam  expansion and spatial filtering.
Ideally the laser em its a beam with a gaussian intensity profile in a plane normal to the beam 
axis. In practice there is noise from the laser and phase errors on the wavefronts caused by dust 
particles on the optics. The imperfections have higher spatial frequencies than the gaussian mode 
and can be blocked out in the Fourier transform plane o f a lens (The diffraction pattern i.e. the 
spatial fourier transform o f an object coherently illum inated in the front focal plane o f a lens is 
located in the back focal plane, Steward (1983) pp 24-5, Klein (1986) pp 480 -482.).
The incident beam is focused down by a 16 mm focal length quartz microscope objective and 
passes through 30 pm  diam eter p inholes1. Beyond SP1, SP2, the beam s steadily expand. The 
pinhole diameter d, is estimated from (figure 3.3.),
1 Dumas (1985) reports using much smaller diameter (10 pm ) pinholes and observing diffraction 
rings. A t 457.9 nm several diffem ent sizes o f pinhole were tried: 50, 3 0 ,2 0  pm . There was 
significant noise on the wavefront transmitted through the 50 pm  holes, while diffraction rings 
were prom inent with the 20 pm  holes, indicating that the focused gaussian beam was clipping the 
edges o f the hole. The 30 pm  pinholes gave the best results although some slight diffraction was 
still visible.
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S F
M l
M 2
►  3.
B S
Figure 3.7. M ichelson arrangem ent for m easuring the coherence length of the
Argon ion laser. M  is a steering m irror, M 2 is m ounted on a 
m icrometer screw drive. The beam is expanded and filtered at SF 
and circular fringes are visible on the screen, S. The panel shows 
detail o f the beam s produced by the beam splitter. BS is coated 
on the back side. There is no com pensator plate.
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d = 2 X0 f / D (3.1.2.)
where D is the input beam diameter. This approxim ate form ula gives d = 16 |im  for D = 1 mm and 
Xq = 457.9 nm. In practice the required pinhole diam eter is usually a little larger than this.
Lens and pinhole alignm ent to the optic axis.
The unexpanded beam  position  is centred on the target. The lens is replaced in the filter 
assem bly and the expanded beam is centred. The lens is scanned along the z axis so that the spot 
size at the filter p lane is much larger than the pinhole diam eter. W hen the pinhole is replaced, 
diffraction rings can be seen on the transm itted beam  (it m ay be necessary to scan the pinhole in 
the x and y directions to see the rings). The pinhole is adjusted so that the rings are centred. The x- 
y controls on the lens holder are no longer touched. The lens is scanned back in along the z axis 
and the pinhole position changed to keep the diffraction pattern central. As the focal plane of the 
lens and the filter plane coincide, the diam eter o f the diffraction rings becom es ever larger until the 
rings disappear, leaving a bright centred patch. The filter is now set.
Choice o f  exposure wavelength , Xq.
P hotoresists in the AZ 1300 /  1400 series have sensitivities that increase in the UV. The 
absorption peaks occur at 350 nm and 398 nm. The laser source is a Spectraphysics 165 Ar+ laser 
w hich can be m ade to oscillate on eight lines between 457.9 and 514 nm in the visible. W ith 
special optics, the laser can produce a low pow er U V output on two lines sim ultaneously:
351.1 nm and 363.8 nm. M ost o f the work was done with the 457.9 nm line. Exposures can be 
m ade using the pow erful 488 nm line but the resist sensitivity is low er and the low er wavelength 
line can produce a sm aller A for the same geometry.
The laser tube is not designed for UV operation. The laser has low  gain and exhibits spatial 
m ode instability unless the gas pressure is right. Fortunately, the UV laser radiation causes slight 
fluorescence when incident on m ost materials so the interferom eter is set up as before.
Coherence requirements fo r  the laser source.
The spatial coherence o f the wavefronts used to record the gratings is ensured by the operation of
the laser in single transverse m ode T E M ^ . The laser produces o ther spatial m ode patterns
%
sim ultaneously w hen it is run at higher pow er. The TEM q i which has a circular 'doughnut'
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intensity profile oscillates as well as the fundam ental TEM qq mode. F igure 3.6.(b.). This mode is 
characteristic o f a resonator w ith cylindrical sym m etry about its optic axis (M aitland & Dunn. 
1969).
An intercavity aperture is provided to reduce the gain (mode) volum e , starving the TEM 01* 
m ode and forcing the system into fundam ental m ode operation. At full pow er, when both laser 
m odes are present, the laser produces about 50 % m ore pow er than on the TEM 0q m ode alone 
(m easured at the 457.9 nm line).
The frequency spectrum  of a source determ ines its tem poral coherence. This can be seen as 
follows; C onsider a beam  split into the two arms o f an interferom eter and brought together again 
after introducing a  path difference, or equivalently  a tim e delay At, into one arm. The total 
intensity  in  the in terference pattern is considered to be  the sum o f the d ifferen t frequency 
com ponents in the range n to v + Av. The light is tem porally coherent over a certain tim e interval 
At such that the num ber o f m axim a of frequency v + Av does not exceed by m ore than unity the 
num ber o f m axim a o f frequency v; i.e. At is the tim e over w hich the various intensity maxim a 
stay in step. This condition implies:
( v  + A v ) .A t  - v .A t < 1 or A v . A t < l  (3.1.3.)
The equality determ ines the coherence tim e x . The maxim um  tolerable path difference between
the arms that can be tolerated before stable fringes can no longer be recorded is D = c.x .
c
(M aitland and Dunn 1969 Chapter 10.)
The frequency width of an atomic transition between energy levels E „ E ., E. > E „ in the argon
i  J i  J
plasm a of the laser is broadened from a 8 function at v = v.. the centre frequency defined by
v .. = ( e . - E . ) / h (3.1.4.)
ij i J
to a Lorenzian frequency spectrum whose width is determ ined by the finite lifetimes, i.e. the decay 
rates, o f the states. This atom ic linewidth is further broadened by collisions and therm al effects 
(Doppler Broadening). In the argon ion laser the laser transition linewidths are approxim ately 
6 GHz wide.
The laser cavity produces axial modes, separated by c /  2 n L  in frequency which are the allowed
page 51
standing wave solutions o f the cavity, n and L are the refractive index = 1 .0  and the cavity length 
(= 1.05 m) respectively. Thus the axial m ode separation is 143 M Hz. These m odes may oscillate 
inside the atom ic linew id th  if  there is su ffic ien t gain. In the A rgon ion laser there are 
approxim ately 40 o f these modes that can oscillate at a given laser transition. The maximum path 
difference D, is then 50 mm.
The coherence length at 457.9 nm was measured using the M ichelson interferom eter arrangement 
of figure 3.7. C ircular fringes o f poor visibility w ere still visible after M 2  has been scanned 
through 10 mm. The spatial filter is important. It increases the beam  size and hence the extent of 
the ring pattern while preventing feeedback into the laser source.
The coherence length of a laser can be increased by the incorporation o f an etalon in the cavity. 
This is an optical filter which selects one axial mode and suppresses all the others. The mode still 
has a finite frequency bandwidth, due largely to the losses in the laser resonator but this is now of 
the order o f a few M Hz giving a c At ~20 m.
Etalon operation o f the laser is advisable for the three m irror interferom eter arrangements because 
o f their large path differences, but can be avoided with the sym m etrical interferom eter. Our laser 
was provided with an etalon for use at 488 nm, but the optical coating reduced the output power at
457.9 nm down from its usual 200 mW  by an order o f m agnitude. It was not used in this work.
Argon laser: UV operation
The tw o UV  lines lase sim ultaneously and cannot be dispersed inside the cavity , unlike the 
v isible w avelengths, because o f their low gain. The lines are dispersed outside the cavity by a 
quartz prism.
The m axim um  pow ers available on the two lines are 32 mW  for the 363.8 nm line and 13 mW 
for the 351.1 nm lines.
The laser is used at m axim um  current and m agnetic field. The m agnetic field squeezes the 
discharge into a volum e closer to the optic axis. H igher output pow er can be obtained as the gas 
pressure in the tube drops (less quenching due to collisions), but if the pressure becom es too low, 
higher order spatial m odes appear which are very unstable, figure 3.6.(b.), difficult to get rid o f and 
are unsuitable for recording gratings. A large shift in a spatial m ode m eans a shift in the laser's
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optic axis, so shifting the position o f the grating pattern, washing out the photoresist exposure.
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3.2. The fabrication o f holographic gratings.
3.2.1. Thick resist gratings.
(a.) Transparent substrates (glasses).
Gratings are m ost easily fabricated on transparent substrates such as glasses or quartz. The light 
is transm itted though the resist layer and through the substrate. Unwanted reflections from the back 
surface o f the substrate are suppressed by contacting it to a back prism with index matching oil, 
n = 1.53. The prism , figure 3.8., has the two rear square faces painted m att black which scatter and 
absorb the transm itted light. There w ill be som e residual scattering from the resist (2) -glass (3) 
interface ( r ^ )  since the refractive indices n^, n^ are not matched.
The am plitude reflection coefficient for 457.9 nm laser light incident at 40° on the glass though 
the resist is r = 0.063.
Inside the resist is 22.7°, n^ = 1.665, and inside the glass 0^ is 25.4° , n^ = n5 = 1.51. (The 
suffices refer to figure 3.8.)
Such a sm all value o f r ^  has been assum ed not to have an effect on the grating profile 
especially for thick resist gratings. The steeper sidewalls o f gratings exposed in resist on an anti­
reflection coated layer show that this scattering is significant, section 3.2.1.(c.). Some residual 
scattering will also be due to the inefficiency o f the back prism.
W ithout the back prism  the am plitude reflection coefficient for radiation incident from the glass 
into air, r  , w ould  be  0.28; the reflections causing in terference. F igu re  3.9. is a SEM 2 
m icrograph o f a grating m ade on a glass slide w ithout the back prism . The surface is mottled; there 
are areas 30 jam square w here the grating has been com pletely w ashed out next to similarly sized 
areas o f w ell developed grating. The modulations in the interference pattern over the surface of the 
resis t are w edge fringes caused by slide faces not being parallel. V alues for the reflection 
coefficients in the resist glass system are given in Table 3.1.
V alues for the resist refractive index were obtained from Yi Yan (1978) and D ill (1975a) for
2All the SEM  m icrographs in this thesis w ere photographed using an S 800 H itachi Scanning 
Electron M icroscope.
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index matching fluid
Back prism
incident
beams
matt black 
painted surfaces
Photoresist
coated sample
4534
n = 1.51 n = 1.51
n =1.665 n = 1.53
n. cos0 . - n. c o s0 .
Figure 3.8. A 'back' prism with two m att black painted faces is contacted
with index m atching oil to the back o f a transparent substrate to 
suppress reflections from the glass (3)-air (4) interface.
The inset is a detail o f the optical layers discussed in section 3.2.; 
1 = air, 2 = resist, 3 = substrate, 4 = air (no prism ), oil (prism) 
and 5 = prism glass. Reflections from the i th to the j th layer are 
denoted byr • j , 's' polarisation (E vector norm al to plane o f 
incidence). The refractive indices refer to 457.9 nm.
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Figure 3.9.
F igure 3.10.
Spurious modulations appear on photoresist gratings m ade on 
glass without the back prism. These are caused by interference 
between reflections from the front and rear surfaces o f the glass 
slide.
1 0 / 1 1 / 8 7
3 5 0 0 0 1  £5KV X I ? . I K  1 . 7 6 u m
298.9 nm period photoresist grating on glass exposed with a 
back prism. The micrograph was taken a t 45° to the cleaved 
edge o f the grating. The roughly sinusoidal profile is typical 
o f such gratings.
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AZ 1350 J, figure 2.1.(c.). The newer resist AZ 1450 J is based on the same resin as AZ 1350 J 
but has an additional com ponent to reduce striations w hile spinning. H oechst, who m anufacture 
the AZ resist series quote the sam e film  thicknesses versus spin speed and refractive indices for 
both m aterials. The unthinned resist is 1.76 pm  thick spun at 4000 rpm for 30 seconds. Spin 
curves for 66% and 25%  solutions (AZ 1450 J /  Thinner by volume) w ere determ ined by talystep, 
figure 3.11.
Figure 3.10. is an SEM  m icrograph o f the cleaved edge o f a 299 nm period resist grating. There 
is no evidence o f m ottling and the grating has a 1:1 depth to linewidth ratio. The alm ost sinusoidal 
profile is typical o f such gratings.
Table 3.1.
Reflection coefficients fo r  457.9 nm exposure on transparent substrates.layers
A ngle o f  incidence  0^
02 83 r i2 f 23
r *
34
40° 22.7° 25.4° -0 .3 3 0.06 0.28
70° 34.4° 38.5° - 0.60 0.08 0.55
* r is the reflection from 
34 the glass air
boundary without a back prism.
Exposure and development parameters: 457.9 nm.
The gratings are exposed with laser output pow er 90 m W  and exposure tim es varying between 
30 seconds and 1 minute. The maximum output power is ju st over 200 mW . The exposure power 
was reduced to ensure single spatial mode operation.
R outine pow er m easurem ents were made using an integrating sphere pow er m eter manufactured 
by U nited D etector Technology Inc., model 122A, calibrated against a Coherent model 210 black 
body pow er meter. 90 m W  of pow er was used; after the m irrors and the spatial filters, the incident 
pow er has been reduced to 60 mW.
The gratings are form ed over an area approximately 2 cm in diameter, depending on the spatial
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800
°  66% 1450J (Si) 
♦  66% 1450J (Gl)
7 0 0 "
6 0 0 "
500
3.0 4 .0 5.0 7.06.0
Spin Speed (krpm)
Figure 3 .11.(a.) Spin curve for 66% AZ 1450J m easured by talystep. The resist
was spun on glass and silicon samples.
2 0 0 -
s 'a 1 5 0 -
C/2C/2Oa
o
IS
□
□
□
C/2 1 0 0 -
C/2
4)
C4
50 -
3.0 4 .0  5.0 6 .0  7.0
Spin Speed (krpm)
F igure 3.1 l.(b .)  Spin curve for 25% 1450 J m easured by talystep. The resist
was spun on silicon samples.
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filter position (25 cm ), so that the pow er density is ~ 20 mW  cm
Exposure tim es vary between 30 s and 1 m. Exposure tim es for AZ 1450 J are 50% greater on 
average than for AZ 1350 J. The pow er density on the sam ple surface decreases with increasing 
angle o f incidence due to the larger overlap area formed by the two beam s. Exposure tim es have to 
be increased slightly to take this into account and the larger reflection losses r at high angles of 
incidence, > 55°.
V arious resist thicknesses w ere tried. Initially unthinned resist w as used (1.76 pm ) but it is 
d ifficu lt to  dry etch through such a thick  layer w ithout the resis t colum ns thinning out and 
collapsing (C hapter 4). A 66% by volum e solution spun betw een 4000 rpm  and 5000 rpm gave 
film  thicknesses between 0.68 and 0.64 Jim. A 1:2 solution AZ developer diluted with water was 
used throughout this work. This is a w eaker concentration than that used for the exposure of 
optical m asks (1:1). The stronger developer solution rem oved the resist too quickly leaving a 
annular area of grating surrounding a bare patch.
The exposure o f  holographic gratings is different from  that used in optical lithography. In 
op tical lithography, the exposure is essentially  dig ital in character; the resis t is com pletely 
developed w here it has been exposed. Thick holographic gratings are exposed in an analogue 
process; the intensity variation is a sinusoid and the resist is no t developed for longer than the 
grating im age takes to form. Prolonged developm ent does not tend to im prove the aspect ratio of 
the grating and m ay wash it out.
All traces o f the index m atching oil m ust be rem oved after the exposure. The oil, a hydrogenated 
terphenyl, is very d ifficult to rem ove and w ill slow ly dissolve the resist. A fter exposure the 
contam inated side of the sample is w iped against a lens tissue. The uncoated side of the sample is 
carefully w iped w ith a lens tissue im pregnated with a little iso-propyl alcohol (IPA). G reat care 
m ust be taken since IPA will dissolve the resist. If oil has reached the front surface, it can be 
rem oved by im m ersing the sam ple in xylene, which is one o f the few solvents not to attack resist.
Lim itations on resolution and aspect ratio o f  developed gratings.
L ong exposure tim es m ake the elim ination o f vibration very im portant. This can be done by 
incorporating a feedback system to com pensate for any vibration. In this work such a system was
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unnecessary as the exposure tim es w ere short. A nderson's (1988) group at M IT have devised a 
feedback system which drives a piezoelectric m ount on one o f the m irrors in response to changes 
in a fringe pattern generated by com bining the two incident beams at a beam splitter.
In this w ork the optical table is supported on inflated tyres to reduce vibration. Back reflections 
from the lenses in the spatial filters produce M ichelson interference fringes at the output coupler of 
the laser. Any m ovem ent o f the bench shifts the fringes. G ratings are recorded when the fringe 
patterns are stationary.
Figure 3.12. is an SEM  m icrograph o f a 210 nm period grating recorded a t 60° incidence with
363.8 nm laser light. The m ost noticible feature is the enorm ous aspect ratio ~ 3:1. There appears 
to have been less vibration when this grating was made. Figure 3.13. is a m icrograph o f a grating 
m ade with nom inally the same param eters on another day. The aspect ratio is 1:1.
Exposure and developm ent tim es vary considerably due to a num ber o f factors such as slight 
differences in resist preparation, the bake tem perature and duration, and the hum idity during the 
spin process. The developed grating patterns are weaker if the developer is old or has been exposed 
to the air for m ore than a few minutes. It is possible to use m odels to predict an approxim ate resist 
response, bu t it is m ore practical to do test exposures, optim ising the exposure tim e for each 
sample. On different occasions, nom inally the sam e conditions result in exposure times differing 
from 45 to 60 seconds.
C hanges in the developm ent tim e can m ake up for changes in the exposure process bu t in 
general long developm ent tim es should be avoided. Typically  a  45 second exposure, requires a 
developm ent tim e between 12 and 20 seconds. D evelopm ent is stopped w hen a red mist is seen to 
form over the grating. The sample is then rinsed in deionised water and blown dry.
UV exposure o f  thick resist gratings.
The resist exposures a t 351.1 nm and 363.8 nm  are faster than for the 457.9 nm line due to 
increased resist absorption.
The gratings in figure 3.12., figure 3.13. were exposed at 363.8 nm (32 mW ) for 30 seconds and 
developed in 1:2 developer for 3 seconds. The developm ent tim es tended to be short. Diluting the
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3 5 0 0 0 5  25KV
Figure 3.12. 210 nm period photoresist grating exposed by 363.8 nm laser light at 60° incidence.
Thick resist on glass. 30 s exposure (32 mW ), 3 s developm ent (1:2). The grating 
has a high aspect ratio, 3:1, probably due to a  reduction in vibration while it was 
recorded.
7 / 3 / 8 8
3 5 0 0 0 0  3 0 KV X7 0 ! 0 K' 0 ! 4 3 um
Figure 3.13. 210 nm photoresist grating. The param eters are nom inally as above, but the
aspect ratio is much smaller (1:1). The gratings were made on different days.
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developer to 1:3 resulted in reduced contrast, figure 3.14., so the m ore concentrated solution was 
used.
F igure 3.15. is a m icrograph o f a 186.8 nm period grating exposed for 30 seconds by 351.1 nm 
laser light (13.2 mW ) at 70° incidence on a glass substrate and developed for 8 seconds in 1:2 
developer. This is the shortest period grating that was m ade by direct exposure.
Grating Quality.
A strong grating can be seen as a bright uniform ly coloured patch w hen observed at grazing 
incidence with the light source behind the observer, figure 3.16.(a.).
The grating vector G = 2 7C /  A lies perpendicular to the grating lines in the plane o f the grating.
I G I > kQ = 2 k  /  for grating periods < ~ 400 nm and for visible light. The positions o f the 
diffracted orders are given by:
I ^ I sin 0^ = I k i  I sin 0 f  ±  n I G I (3.2.1.)
S ince I I < I G I and I I = I k 2 3 I = kQ the only allow ed solution  o f (3 .2 .1 .) for 0^ 
corresponds to n = -1 .  O ther values for n would give a larger scattered wavevector than the incident 
one w hich is not allow ed. Tw o sym m etric solutions appear above and below  the grating plane 
oriented towards the source given by:
0 = sin / A - sin 0 )  (3 .2 .2 .)
Inspection o f equation (3.2.2.) shows that solutions exist for shorter wavelengths and large 0 .
Only the blue light is strongly scattered towards the observer for gratings with periods below 
300 nm. A t 186.8 nm period, a b right patch can no longer be seen. SEM  analysis is used to 
exam ine gratings with periods below 250 nm.
The grating couples som e o f the light into the glass and coloured fringes can be seen if the glass 
is cleaved, figure 3.16.(b.). In this case, the scattered w avevector is too large to em erge from the 
grating. This coupled light is refracted by the cleaved edges o f the slide. The condition for reverse
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coupling is
sin 0 = X  / A  - n (3.2.3.)
1 0  g
As 0, is increased the condition is m et for larger w avelengths w ith a cut-off at = A.n .
1 0  g
If the grating is coated w ith a m etal it appears darker than the surrounding area due to increased 
absorption o f the incident light.
R esist f i lm  preparation.
The substrates are given the standard three stage solvent rinses; trichlorethylene, m ethanol, 
acetone each with ultrasonic agitation for five minutes, then a deionised water rinse before blowing 
dry w ith dry nitrogen. If  the sam ples are clean, after their rem oval from  the w ater, a thin 
continuous film o f liquid coats the substrate. If  the substrates are dirty, then w ater drops form 
separated by dry areas.
In general the three stage wash is sufficient for m ost substrates such as slides or cover slips and 
sem iconductors. If a sample has been ion exchanged, the surface is coated with a residue that is not 
rem oved using the solvents alone. F irst it is bo iled  in w ater, then cleaned in the solvents and 
finally soaked in a solution o f 8 parts concentrated sulphuric acid to 1 part hydrogen peroxide 
(about 30%) for ten minutes.
The samples are allowed to dry on a hotplate for at least an hour before spinning.
The spun film quality is quite uniform over an area about 2 cm in diam eter in the m iddle of the 
slide. This is shown by the co lour o f  the film , th ickness variations being detected by colour 
variations from  m auve to green or vice versa as observed under yellow  light. The thickness 
uniform ity o f resist on slides was investigated by Pun (1983) and W asho (1977).
A fter spinning the resist samples are baked at 90°C for 30 minutes to drive o ff solvents.
(b.) H ighly reflecting substrates.
Som e experim ents were done on 1 cm side silicon chips and on 1 cm diam eter germanium discs.
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Figure 3.14.
Figure 3.15.
210 nm photoresist grating. The sample was exposed for 30 seconds and 
developed in 1:3 developer for 30 seconds. The sm aller aspect ratio is due to 
the lower contrast o f the developer.
m s m
186.8 nm period photoresist grating. The sample was exposed for 30 seconds 
at 351.1 nm (13.2 mW ) at 70° incidence and developed in 1:2 developer for 
8 seconds. This is the shortest period grating that was m ade by direct 
exposure.
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circle o f radius k 0
- G *+ ► G
wavevector triangle
Figure 3 .16.(a.) W avevector diagram for predicting the orientation o f diffracted beams outside 
the grating.
air
►
guide
substrate
circle of radius n
Figure 3 .16.(b.) W avevector diagram for reverse grating coupler.
n = 1.0
n g > n s > 1-0
air
O
- G
guide
substrate
Figure 3 .16.(c.) W avevector diagram for first order Bragg reflection.
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T here w ill be a standing w ave in the resist exposed on germ anium  and silicon according to 
equation (2.2.13.). Exposures on the tw o m aterials are be much the sam e, i.e. that there is an 
intensity minimum at the surface o f the substrate.
The thickness o f the resist layer should be (n + 1 /  2).P , for an intensity m axim um  at the 
surface.
Chip size and topography have an effect on the thickness of the resist. The resist is thicker at the 
edges w here it accum ulates during the spinning process. This is not a problem  for large samples 
such as slides but creates difficulties with sm aller sam ples or irregular shapes; the resist is more 
uniform ly coated on the discs.
To produce a 356.2 nm period grating on Si (40° incidence at 457.9 nm ) the resist is spun 
between 4.0 and 5.0 krpm to match the 4.5 P (= 671 nm) condition.
The grating aspect ratio and profile are changed by the standing wave effect. F igure 3.17 shows a 
grating form ed on silicon in resist spun at 4.3 krpm . The aspect ratio is m uch low er than for the 
gratings produced on glass and the profile is quite different.
The exposure tim e would be reduced to a quarter o f its value for the transparent substrates if the 
resist was spun on a perfect reflector. Silicon is not a perfect reflector, but the exposure times are 
approxim ately halved.
Various exposure and developm ent tim es were tried but the best results w ere obtained with long 
exposure tim es ~ 20 seconds and short developm ent tim es ~7 seconds. Shorter exposures (3 s) and 
longer developm ent (20 s) produced w eaker gratings. Increasing the resist thickness slightly 
(spinning at 4.2 krpm ) reduced the aspect ratio further until it d isappeared (spinning at 4.1 kpm). 
T alystep thickness m easurem ents o f the resist w ere m ade at the d ifferent thicknesses but are all 
within the error o f the measurem ent, figure 3.11.(a.).
F igure 3.18. is a m icrograph o f a 356.2 nm grating in a layer spun on germ anium  at 4.2 krpm. 
The grating was exposed for 5 seconds and developed for 10 seconds.
A m ajor difficulty is that developm ent does not proceed uniform ly. The exposed layers in the
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resist develop rapidly and the unexposed layers slowly. O ver-developm ent tends to wash out the 
grating, since the developer etches laterally as well as vertically through the unexposed resist. 
Developm ent was stopped imm ediately when a colour change in the resist was seen.
A ltering the grating period means re-optim ising the thickness o f the resist.
(c.) The use o f  spin - on anti reflection coatings (ARC's).
The recent developm ent o f spin on anti reflection layers (ARC's) have m ade the exposure of 
resist on reflective substrates much easier, im proving linew idths and the sharpness o f the printed 
im ages, (Lin 1983). The m aterial can also be used to m ake holographic gratings (Anderson 1988). 
The ARC used here is a dyed polyim ide m anufactured by B rew er Science. This m aterial absorbs 
radiation over a w ide range o f w avelengths. Table 3.2. lists the percentage transm ission against 
w avelength  for a  200 nm  th in  film  o f  A RC. O ne o f  the advantages o f  th is  m ateria l for 
conventional optical lithography is that it dissolves in standard AZ developer.
The m anufactures claim  that the bake tem perature for the ARC is very im portant and should be 
kept between 135°C and 152°C. The temperature determines the rate at which the material develops 
in photoresist developer.
In these experim ents a layer o f ARC was spun at 5000 rpm for 120 seconds on silicon and baked 
at 140°C for 30 minutes. Brewer quote a thickness o f 205.3 nm for this spin speed. After the bake, 
the substrates have a green yellow appearance. Im m ediately after the bake a layer o f photoresist 
was applied (66% AZ 1450 J spun a t 5000 rpm for 30 seconds and baked at 90°C for 30 seconds).
A 285 nm period grating exposed for 60 seconds with 457.9 nm light on top o f the ARC layer 
is shown in figure 3.19. The developm ent tim e was 12 seconds. The A RC layer is the coarsely 
grained material.
The results are rem arkable, the gratings have an aspect ratio  -2 .0 . The effects o f the standing 
w ave are com pletely absent; in fact the profiles are sharper than those obtained on transparent 
substrates using a back prism , indicating that there is som e residual scattering present even when 
using the prism . The ARC was used successfully to expose very strong gratings in resist on top of 
germanium discs.
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Figure 3.17.
Figure 3.18.
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356.2 nm period grating recorded in AZ 1450 J spun at 4.3 krpm on silicon.
356.2 nm period grating recorded in AZ 1450 J spun at 4.2 krpm on germanium.
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T able  3.2.
Spectral data fo r  2000 A film  o f  ARC
X (Hg line nm) Transmittance % Absorbence
220 3.8 1.4
254 5.0 1.3
300 20.2 0.7
313 25.0 0.6
365 13.0 0.9
405 3.2 1.5
436 1.6 1.8
546 72.0 0.1
578 83.0 0.1
Data from Brewer Inc. product details.
A lthough the ARC is suitable for use on highly reflective substrates, there could be problem s 
for exposure on polyim ide coated glass. A fter dry etching and m etal deposition, the ARC is not 
easily  rem oved. A cetone rem oves the resis t and the m etal w hich it supported, bu t does not 
com pletely rem ove the ARC. The sam ples are boiled in acetophenone (m iscible with acetone) in a 
reflux condenser to rem ove the rem aining ARC. The sam ples m ay also  need to be ashed in an 
oxygen plasm a. Acetophenone may also dam age the underlying polyim ide layer.
The use o f an ARC layer w ould elim inate the spurious reflections inside sm all transparent 
samples exposed at high incidence angles due to the laser light being refracted through the sides of 
the sam ples. These reflections cause the gratings to have a m ottled appearance. To avoid this the 
edges of the samples are painted m att black.
(d.) B lazed photoresist gratings.
If a non reflecting sam ple is exposed with the normal to its surface m aking an angle A' with the
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Figure 3.19. 285 nm period grating recorded in AZ 1450 J spun at 5 krpm on ARC (the grained
layer) on silicon.
F igure 3.20.
2 / 6 / 8 9
3 5 0 0 0 4  25KV . X6.! 00K "  5! 0umB
(SB BEE IX! nUTTPi
295 nm period grating blazed a t 16° recorded in AZ 1450 J spun at 4.3 krpm. 
The period of the spatial interference pattern is 285 nm.
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bisector o f the incident beam s, a blazed grating w ill be formed; the fringes will be slanted within 
the resist at an angle (90° - A ) where A is the slant angle in the resist. R eferring to figure 2.8., 
the period o f the slanted grating, along the resist surface is related to the period of the spatial 
interference pattern, A, by
A, = A /  cos A (3.2.4.)
b
Figure 3.20 is an SEM  m icrograph o f a blazed grating recorded at an angle A = 16°. There is not 
m uch evidence o f the blazing on the profile except that the resist w alls on the leading edge of a 
beak are slightly steeper than on the trailing edge. The period, how ever is shifted to 299 nm from 
285 nm consisten t w ith equation (3.2.4.) and the accuracy o f m easuring the period  from the 
micrograph.
The grating exposure tim e was increased to 90 seconds to take the reduced incident intensities 
into account. The developm ent time was 7 seconds.
3.2.2. Thin resist gratings.
(a.) Transparent substrates (glasses).
Thin film gratings are the traditional way to produce masks for ion beam  m illing (see chapter 4) 
or dry etch ing  into substrates. The resist m ust be thin (< 0.2 pm ) to p revent flow ing and 
preferably cut down to the substrate. Pun (1983) pp 146-156 describes the m illing o f 300 nm 
period photoresist gratings 150 nm thick into sputtered glass waveguides.
Experim ents were done on glasses, silicon and gallium  arsenide w afers w ith thin resist layers, 
spun with (1:2) and (1:3) dilutions o f AZ 1350 J with thinner.
Glass.
Figure 3.21., 3.22. are m icrographs o f 457.9 nm gratings exposed in 0.15 pm  o f resist on 
glass. (457.9 nm exposure at 30° angle o f incidence, 1:2 resist spun a t 6 krpm  for 30 s). Both 
samples were developed in 1:2 developer for 20 s.
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Figure 3.21.
Figure 3.22.
ill
lit'"
Thin resist (0.15 pm ) grating; 457.9 nm period on glass. Low  aspect ratio. 
Exposure time: 30 s, developm ent tim e (1:2): 20 s.
Thin resist grating (0.15 pm ); 457.9 nm period on glass. Cut down to 
substrate. Exposure time: 60 s, developm ent tim e (1:2): 20 s.
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Figure 3.23.
Figure 3.24.
Thin resist grating (0.15 pm ); 457.9 nm period on silicon. R esist 
profile shows a strong standing w ave effect. Exposure time: 60 s, 
developm ent time: 20 s.
3 5 0 0 0 3  25KV X 5 0 . 0 K 0 . 6 0 u m
360 nm period thin photoresist grating (0.10 pm ) on GaAs. 
Exposure time: 15 s, developm ent time: 10 s.
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The aspect ratio o f the grating in figure 3.21. is very low; the exposure tim e was 30 s (the same 
for thick resist gratings), w hile in figure 3.22., w ith tw ice the exposure, the resist layer is cut 
down to the substrate. Exposure and developm ent need to be much m ore carefully controlled than 
in the thick resist case. The variation in exposure tim e could be an effect o f resist processing, the 
baking procedure for exam ple; it does not seem to be explicable in term s o f scattering from the 
resist surface or reflectivity (about 5% at normal incidence). This was not pursued further.
Semiconductor.
Figure 3.23. is an SEM  m icrograph o f a grating form ed in the sam e thickness o f  resist but on 
silicon. It clearly shows the effect o f the standing wave. The grating profile is undercut and the 
resist is not com pletely rem oved from the troughs. Here the developed resist thickness is ju st less 
than the standing wave thickness.
The sam ple w as exposed for 60 s and developed as above for 20 s. The exposure tim e was 60 s, the 
same as for the glass substrates.
Figure 3.24. is an SEM  m icrograph of a 360 nm period (457.9 nm at 39°) grating exposed in a 
0.1 pm  layer o f 1:3 thinned resist spun at 6 krpm  onto 5 x 5  mm G aAs chips. The exposure time 
was 15 s and the developm ent tim e (1:2) was 10 s. These param eters are m ore in line w ith those 
discussed earlier. The resist thickness is ~ 0.7 P. The resist is not cleared down to the substrate.
P ''I*. , / ' ■  I'ii’ -V-.V
O ne problem  occasionally  experienced in the m aking o f  very thin resis t gratings is their 
tendency to peel off: 'the spaghetti effect' as reported by Dum as (1985) p 133. The lack of adhesion 
is probably due to dam pness prior to resist application.
3.2.3. Two dim ensional gratings.
Tw o dim ensional gratings or dot patterns can be form ed in positive resists sim ply by exposing 
one grating, rotating the sam ple and exposing another grating. The sam ple is then developed as 
norm al. Y i-Y an (1978) reported m aking tw o dim ensional gratings o f 1 pm  period on a chrom e 
plate substrate this way.
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Figure 3.25. Crossed 300 nm period photoresist gratings (60°) in thick AZ 1350 J: 0.68 pm.
m i l l !» »
Figure 3.26. Crossed 285 nm period gratings (90°) in thick resist: 0.68 pm  1450J.
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Figure 3.27. Crossed 285 nm period gratings (90°) in thin A Z 1450 J: 0.1 pm  on silicon.
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Test slides are used to determ ine the current exposure and developm ent param eters. The second 
grating is usually w eaker than the first bu t the reasons for this are not clear as the samples are 
replaced in exactly the sam e position on the holder. The crossed gratings are equally strong if the 
second exposure is roughly 1.5 times as long as the first exposure.
Som e exam ples o f crossed gratings are shown in figures 3.25. and 3.26. On the first sample, the 
two gratings were recorded at 60° to one another (each grating was exposed for 15 seconds on AZ 
1350 J). The second sample was exposed for 3 5 ,4 5  seconds in 0.68 pm  AZ 1450 J and developed 
for 12 seconds in 1:2 developer. The crossed gratings have approxim ately tw ice the aspect ratio of 
the single gratings, resulting in the spectacular peaks o f figure 3.25.
The structure o f figure 3.27. was exposed in a 0.1 pm  layer o f 1:3 AZ 1450 J spun at 6 krpm. 
The structure was quite bright but the aspect ratio is reduced; the exposure and developm ent times 
were 12 s, 15 s, 4 s for the crossed grating com pared to 15 s, 15 s for a single grating recorded on 
silicon a t the sam e time.
C rossed gratings have been m ade both on glasses to process X-ray m asks and on semiconductors 
to m ake dot structures to study quantum effects in semiconductor devices.
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Chapter 4. Pattern Transfer by Dry Etching.
Chapter Layout.
4 .1 . Introduction: Pattern transfer methods.
4 .2 . Thick photoresist gratings.
4 .3 . Applications: Thick resist gratings - etching o f quartz for bio-electronics.
Two dim ensional gratings - dot structures.
Thin resist gratings; etching o f G aA s by CH^ - RIE. 
Ion beam milling o f glass substrates.
4.1. Introduction: Pattern transfer methods.
To com plete the lithographic process, resist patterns m ust be transferred onto a substrate. This 
can be done by either an additive process such as lift-o ff or a subtractive process such as dry 
etching (M ogab 1983). A dditive processing may be done im m ediately if  the resist patterns are 
developed down to the substrate. A thin film of m aterial is evaporated onto the structure. Solvents 
are used to rem ove the resist, loosening and lifting o ff any m aterial supported on it. This process 
requires the resist walls to be vertical o r undercut, figure 4.1. The m axim um  thickness o f the 
evaporated film m ust be much less than the resist depth and ideally the width o f the resist aperture 
should be less than the evaporated film thickness to prevent faceting; when this occurs, some of 
the evaporant attaches itself to the walls reducing the resist aperture. This effect is reduced by 
m ounting the sample directly above the evaporation source.
Thick resis t holographic gratings are not developed dow n to the substrate, so som e form of 
etching is necessary to transfer the pattern. W et etches are not suitable for this purpose since they 
attack  am orphous m aterials (like resist) isotropically . H ow ever crysta lline m aterials such as 
sem iconductor substrates for laser applications etch anisotropically, the etch rate depending on the 
different packing densities in the different atomic planes [Sze 1985 p 456.]
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(a.) (b.)
(1.) start
film
substrate substrate
(2.) after lithography
mask
m w ::¥:
v
iSi
i
I sfs v5v>
\
substrate
mask
substrate
deposit
(4.) after m ask rem oval
resist
(4.)
Figure 4.1. Schematic diagram s o f the pattern transfer process (after M ogab 1983) for
(a.) subtractive and (b.) additive methods.
(c.) The resist profile in (1.) is convex allow ing a continuous film to form and 
unsuitable for lift-off. The vertical profile o f (2.) and the concave profile o f (3.) are 
preferred for lift-off. (3.) may be obtained using an etch process without perfect 
anisotropy, or by using a bilayer resist process where the low er resist layer is more 
soluable in the developer than the upper layer. (4.) illustrates the problem of faceting; 
material evaporated on the sidewalls reduces the feature width as the evaporation takes 
place.
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O nce a resist layer is baked, it w ill stand up to attack from m ost acids such as HC1 or HF. 
H eating a fine resist structure above 140°C causes it to flow, reducing or destroying the grating 
pattern. R esist is rapidly stripped by m ost solvents, exceptions being xylene, chlorobenzine and 
carbon tetrachloride.
R eactive ion etching (RIE) o f resist in an oxygen plasm a through a deposited m etal mask can 
produce extrem ely high aspect ra tio1 vertical walled structures (> 7:1 in these experim ents) cut 
dow n to the substrate [Anderson 1983, P lotnik 1985]. The mask m aterial m ust have a much lower 
etch rate than the underlying resist, figure 4.2.
RIE belongs to the dry etching family of techniques [Degraff 1980]. These etch techniques vary 
between highly anisotropic or isotropic depending on the electrode configurations that pow er the 
plasm a. Argon ion beam milling, photoresist ashing in oxygen and sputtering are other exam ples 
of dry etch techniques.
A discussion o f the RIE process for thick resist holographic gratings is presented in section 4.2. 
and that for producing dot structures is given in section 4.3 which deals w ith general applications. 
This section also includes a description o f the transfer o f 360 nm period thin resist gratings onto 
G aA s by a m ethane-hydrogen RIE process and of argon ion beam  m illing experim ents to transfer a 
gold grating m ask onto glass substrates.
h n  this w ork the aspect ratio is defined as the ratio o f height to linewidth for a rectangular 
profile.
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4.2. Thick photoresist gratings.
The reactive ion etch process.
A schem atic o f the RIE process is presented in figure 4.3. Two electrodes of different areas are 
m ounted in a vacuum cham ber whose base pressure is held at <1 mtorr. One electrode is powered 
and the other is grounded. The samples rest on the pow ered electrode. The etch gas is adm itted into 
the cham ber and an R F field is applied across the plates.
The gas becom es ionised by the RF field and forms a plasma. The stripped-off electrons become 
confined in the space between the plates because of the rapid changes in polarity o f the applied RF; 
the heavier ions are not affected by the R F due to their much sm aller mobility. The confinem ent of 
the electrons results in the form ation o f ion sheaths nex t to the plates w hich are effectively 
insulating. The pow ered electrode connected to the R F supply via the blocking capacitor, C, rests 
at a large negative d.c. potential with respect to the plasm a potential.
The ratio o f ( v ^  /  V ) ,  the potential differences across the pow ered electrode and grounded
electrode ion sheaths, is determ ined by ( a  /  A V ,  where A , A are the areas o f the powered and
g V P g
grounded electrodes respectively [Chapman 1980 pp 156 - 162]. W hen A < A , V is large and
P g ps
V = 0. If the pow ered electrode is much sm aller in area than the grounded electrode, there is very 
little sputtering o f the grounded electrode and the cham ber walls.
The ions are accelerated through V ^ ;  their trajectories are determ ined by the field lines which in 
turn are fixed by the geom etry o f the plates.
On co llid ing  with the sam ple the oxygen ions react w ith the organic photoresist form ing 
volatile products w hich are rem oved by the vacuum  system . RIE is thus both a chem ical and a 
physical process (ion bom bardm ent). Chem ical activity produces sm ooth surfaces and is m ore 
selective but reduces the anisotropy and can produce deposited residues. Ion bom bardm ent produces 
an anisotropic etch, but causes surface damage in crystalline materials.
A high degree o f anisotropy is required to etch a submicron grating with a 100 nm linewidth and 
200 nm period through 0.7 |im  of resist w ithout significant undercutting. A lateral etch depth of 
30 nm produces significant under-cutting; this corresponds to an etch ratio ( r  ^ /  R ^ )  of 0.043
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m etal atoms
0.7 pm  resist
substrate
Figure 4.2.(a.). The structure is shadowed with N iCh alloy to produce a m ask for REE.
substrate
Figure 4.2.(b.). Oxygen RIE: The resist colum ns are etched down to the substrate to form a mask 
for lift-off or for a further etch process.
substrate
Figure 4.2.(c.). M etal deposition by lift-off (Typically 0.2 pm  thick from  a  0.7 pm  tall structure.).
etch
resist
substrate
Figure 4 .2 .(d.). Pattern transfer by a  subsequent etching process (wet or dry).
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grounded electrode
vacuum
envelope 13.6 MHz 
R F  
generator
■{Oxygen plasm a 13 mtorrion
sheathes
specimen
powered electrode
V
ps
powered grounded
electrode electrode
F igure 4.3. Schem atic o f  RIE system. The potential is show n as a function of position in
the discharge for the case where the area o f the powered electrode is much less 
than the area o f all grounded surfaces in contact w ith the discharge. (M ogab 1983).
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where R and R^ are the lateral and vertical etch rates respectively and t is the etch time.
The etching w as done in an E lectrotech P lasm afab 340 RIE m achine2 . E tch tim es, gas flow 
rates (which determ ines the etch gas partial pressure) and forward R F pow er have to be optim ised 
for each type o f sample. The substrate tem perature was assum ed constant and the reverse RF was 
m inim ised for each run. (A tuning circuit ensures maxim um  R F pow er dissipation in the plasma.)
Typical etch param eters for a 0.7 |im  photoresist layer are:
gas flow: 15 - 20 cc min
etch pressure: 14 m torr
forward RF: 45 - 55 W
reverse RF: 1 W
base pressure: <1 mtorr
relative partial pressure: 13 mtorr
substrate temperature: 29°C
DC bias: 620 V
Etch time: 4.5 - 6.0 min
Contrast enhancement by angled metal evaporation (shadowing).
The metal m ask is produced by shadowing the peaks o f the photoresist grating with a thin metal 
layer evaporated at a steep angle o f incidence, figure 4.2.(a.). The sam ple is m ounted in a special 
holder, figure 4.4., so that the grating vector lies in the p lane o f incidence o f  the m etal atoms. 
Such a m ask was reported by Anderson (1983) 's group who evaporated 20 nm o f chrom ium  metal 
onto their samples.
In this w ork gratings were shadowed at 65° with a 15 - 20 nm (± 10%) thick layer o f nichrom e 
alloy. The nichrom e forms a thin capping layer on the right hand side o f the peaks o f the grating
2
Plasm afab 340 details: The aluminium walls and ceiling o f the vacuum  cham ber of this 
m achine form the grounded electrode. The powered electrode is stainless steel and is insulated from 
the walls o f the chamber. This electrode is 17.4 cm in diam eter and is cooled by a  silicone oil heat 
sink at 30°C. The plate separation is 8 cm. The powered electrode to earthed electrode area ratio is 
2.84:1. The R F  frequency is 13.56 MHz.
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Figure 4.4.
F igure 4.5.
A lum inium  jig  for holding 3 m icroscope slides at an angle in the evaporator.
Small sam ples are stuck onto slides before shadowing. The maximum 
shadowing angle is 65°. The sam ple holder interior dim ensions are 80mm x 76 mm. 
The slides rest on a 2 mm recessed shelf, 
n is the norm al to the front surface o f the slide.
G  is the grating vector, z indicates the direction of the metal atoms.
9 is the angle o f incidence.
285 nm grating on ARC on silicon after shadowing w ith 30 nm of 
nichrom e alloy. The un-shadow ed grating is show n in figure 3.19. for 
com parison.
j -  * A  y * ....
1 3 / 6 / 8 9  
3 5 0 0 0 5  30KV X401 0 K" 0 1 7 5 um
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Figure 4.6. Oxygen RIE o f 356.2 nm grating shadowed at 55° incidence.
The m ark space ratio is about 1:1. BP 80 machine: 50W  16 cc /  min 
5 m 12.7 m torr partial pressure.
F igure 4.7. Oxygen RIE o f 356.2 nm grating shadowed at 65° incidence.
The m ark space ratio is about 1:2. BP 80 machine: 50W  16 cc /  min 
5 m 12.7 mtorr partial pressure.
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Figure 4.8.
£ 5 / 4 / 8 9
3 5 0 0 1 0  3@KV X 5 0 : 0 K ' 0 : 6 0 u m
Oxygen RIE of 285 nm grating shadowed at 65° incidence. 
G rating centre (17.0 mm) 340: 45W  17 cc /  min 
4 m.
F igure 4.9. Oxygen RIE o f 285 nm grating shadowed at 65° incidence. 
M id-way to grating edge. Parameters as above.
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in figure 4.5. and figure 3.19. show the unshadowed profile for com parison (the nichrom e layer is 
just discemable).
N ichrom e alloy is a m ixture o f 10% chrom ium  and 90% nickel. The choice o f metal depends on 
its grain size and its resistance to the etch. A lthough the oxygen ions do not react w ith the 
nichrom e alloy, the m etal is slowly sputtered away. A fter 4 m inutes m ost o f the nichrom e is 
sputtered away, and the resist colum ns start to be etched. If  the etch tim e is longer than 5 minutes, 
a th icker n ichrom e layer (30 nm) is required. For a typical etch: 20 nm nichrom e, 0.7 (im 
photoresist etched at 50 W  for 5 m inutes, the m ask sputter rate and the resist etch rate are about 
0.07 nm s * and 2.33 nm s 1 respectively, so that the selectivity  o f the etch (resist etch rate /  
m etal m ask sputter rate) * 30.
T he fraction, F , o f the grating period which is unm asked by the m etal depends upon the resist 
topography and 0, the angle o f incidence. Large values o f 0 produce narrow  photoresist columns. 
The difference in m ark space ratio o f the etched gratings is shown by SEM  m icrographs o f two 
gratings one shadowed at 55° and the other at 65° (figures 4.6., 4.7.)
The mark space ratio o f the etched resist grating changes slowly from the centre o f the grating to 
its edges. The aspect ratio3 o f the resist m odulation decreases tow ards the edges o f the grating. 
This decrease in contrast in turn decreases F  (figure 4.13.(c.)) and increases the m ark space ratio of 
the etched resist grating at the edges; i.e. the resist colum ns are thinner in the middle.
The etch at the outer region o f the grating is also not as deep as the etch in the centre for a given 
etch tim e. The narrow er gaps in the nichrom e m ask at the grating edge tend to trap the etch 
products slow ing the vertical etch rate. The vertical etch speeds up when the gaps widen. As an 
exam ple consider the etched resist profiles o f figures 4.8., 4.9., and 4.10. The m icrographs were 
taken a t the centre, half way to the edge, and a t the edge o f 10 mm diam eter grating o f 285 nm 
period. Ah  the centre, figure 4.8., the grating is overetched, there is som e thinning o f the resist 
p illars and som e distortion. H alf w ay to the edge, figure 4.9., the resist p rofile  exhibits less 
thinning and distortion. At the grating edge, figure 4.10., the resist structure is under-etched and 
the resist colum ns are much thicker.
3For a  quasi-sinusoidal grating the aspect ratio is defined as the peak to trough depth o f the 
m odulation divided by half the grating period.
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Figure 4.10.
F igure 4.11.
Oxygen RIE o f 285 nm period grating shadowed at 65° incidence. 
Grating edge (11.0 mm) 340: 45W  17 cc /  m in, 4 m.
P r o f i l e  PR E t c h  7 . do 
( t o t a l )  18 c c / m i n  4 5 W 
3 5 6 . £  nm P e r i o d  Ge
1 £ . 5  mm
1 £ /  01 /  8 9 
3 5 0 0 0 9 ,  £5KV X f M K V & I S S u m
Oxygen RIE o f 356.2 nm period grating on germ anium  shadowed at 65° incidence. 
Grating centre (12.5 mm). 340: 18 cc /  m in, 45 W , 7.25 m.
page 89
4.12.
 —  . sh a d o w e d  a t  6 5 °  incidence.
OxygenRIEof 1 mi" ’ 725  * '
Grating edge 7 .0  mm.
Figure 4.15.
. structure is a 356.2 nm
t o 6 Wt o n "  0  cc / 50 w  •
period
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Thick resist gratings on a highly reflecting substrate such as germ anium , see figure 3.17., have 
a m uch sm aller F  after shadowing (except at very high incidence angles) com pared with the quasi­
sinusoid gratings already discussed ( see figures 4.13., 4.14.).
F igures 4 .11 ., 4 .12. are SEM  m icrographs o f a 356.2 nm pho to resist grating  etched on 
germ anium . The etch tim e is much longer, 7.25 m in, and the m ark space ratio is much greater 
than for the gratings of figures 4.8. - 4.10.
The effects o f  gas flo w  rate.
In these experim ents, test samples are etched to optim ise the etch conditions before each etching 
session is begun. The R F power is constant, but the etch tim es may change slightly: perhaps by 
±  10%. This variability is reasonable considering the m achine is constantly  used with different 
etch gases (such as the m ethane hydrogen mix m entioned in section 4.3.). To rem ove any residue, 
the cham ber is given a half-hour clean in a hydrogen plasm a before oxygen is introduced into the 
system .
L .,v V •
Too large a partial pressure o f the etch gas in the cham ber reduces the ^ isotropy o f the etch and 
can cause significant undercutting or even resist collapse. The am ount o f etch gas is regulated by 
the gas flow  control. Figure 4.15. shows resist collapse using a gas flow ratio  o f 20 cc m in’1. 
Reducing the gas flow to makes the etch m ore anisotropic also slows the etch rate slightly, so that 
the R F pow er is increased to compensate.
F igures 4 .16., 4.17. show the effect o f increasing anisotropy w ith decreased gas flow for two
356.2 nm period gratings.
285 nm period gratings are etched at a low er gas flow rate, 17 cc min *, than the coarser 356.2 
nm period gratings, 18 cc min \
A further exam ple o f these effects can be seen in figures 4 .18., 4.19. H ere a 0.7 jxm thick 
photoresist layer is to be etched over an ARC polyim ide layer (see section 3.21.(c.)). The etch rate 
o f the ARC is slower than the photoresist causing the resist colum ns are to collapse, figure 4.18., 
w hereas the ARC is alm ost unetched. Decreasing the gas flow from 17 cc min 1 to 15 cc min \
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F = x / A
Figure 4 .13 .(a.). Typical photoresist profile for a grating form ed on a transparent
substrate with a back prism . F  is calculated by draw ing the tangent 
to the grating at the angle o f incidence 9 and m easuring the distance 
between the two intercepts.
0 . 6 -
0 .4 -
0 . 2 -
0.0
0 10 20 30 40 50 60 70 80 90
I .  figure 14.13.(a.)
angle o f incidence
F igure 4 .13.(b.). Plots o f F  against angle of incidence for the profile o f (a.) m easured
as above (error bars) and calculated for a perfect sinusoid (Appendix 4).
page 92
ni
ch
ro
m
e 
al
lo
y 
sh
ad
ow
 
ev
ap
or
at
io
n 
(5
5°
)
S
page 93
Fi
gu
re
 
4
.1
3.
(c
). 
Sk
etc
h 
of 
the
 
va
ria
tio
n 
of 
F,
 a
nd
 
he
nc
e 
the
 
ma
rk
 
sp
ac
e 
rat
io 
of 
the
 
etc
he
d 
re
sis
t 
st
ru
ct
ur
e,
 d
ue
 
to 
th
e
pr
og
re
ss
iv
e 
re
du
ct
io
n 
of 
the
 
as
pe
ct
 r
ati
o 
of 
the
 
ph
ot
or
es
is
t 
gr
ati
ng
 
to
w
ar
ds
 
the
 
gr
ati
ng
 
ed
ge
. 
Th
e 
sc
al
es
 
are
 
gr
ea
tly
 
ex
ag
ge
ra
te
d.
 T
he
 
fil
led
 
re
ct
an
ge
s 
re
pr
es
en
t 
de
po
sit
ed
 
m
et
al
 s
tru
ct
ur
es
 
af
ter
 l
ift
-o
ff
.
F = x /  A
Figure 4 .14 .(a.). Typical photoresist profile for a grating form ed on a highly reflecting 
substrate. F is calculated by draw ing the tangent to the grating at the 
angle of incidence 0 and measuring the the distance between the two 
intercepts.
0 .6 -
0 .4 -
0 . 2 -
0 20 60 8040
angle o f incidence
Figure 4 .14.(b.) Plot o f F  against angle o f incidence for the profile o f (a.) measured 
as above. The error bars indicate the accuracy with which the lengths 
could be measured.
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Figure 4.
Figure 4.18.
F igure 4.19.
3 5 0 0 0 7  30KV X£ 0 ! 0i<' i ! 50umE
Oxygen RIE o f 285 nm period grating on A RC on silicon.
340: 45W  17 cc /  m in, 5.5 min. Severe thinning o f resist colum ns.
Oxygen RIE o f 285 nm period grating on ARC on silicon.
340: 15 cc /  min, 55 W , 6 min. R esist colum ns and ARC well etched.
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and com pensating for the lower etch rate by increasing the R F pow er from 45 W  to 55W  produced 
the uniform fully etched resist structures o f figure 4.19.
To sum m arise, the effects o f resist topography on the m ark space ratio o f etched resist gratings 
have been described and the effects o f the etch parameters discussed. This work has concentrated on 
establishing the possible techniques; for exam ple it was not necessary to worry too much about 
the exact m ark space ratio of the gratings produced for the x-ray masks, since w e w ere only trying 
to illustrate the contact printing process. Such considerations are im portant in real devices, and the 
inform ation discussed in this section indicates how these requirem ents can be met.
Pattern transfer fro m  etched photoresist gratings: metallisation and further etching.
In this work, the resist patterns were m etallised in a therm al evaporator m achine. This system 
can accom m odate up to six therm al evaporation boats, arranged in a line. The cham ber base 
pressure is 8.0 x 10 6 mtorr, rising to 2.0 x 10 ^ m torr during an evaporation. The sam ples are 
supported 20 cm over the sources. The change in the resonant frequency as m etal is deposited on 
the m onitor crystal is m onitored by an In tellem etrics thickness m onitor, M odel IL002. The 
thickness o f the deposited metal is obtained from  calibration curves specific to this evaporator 
system. The thickness calibration curve for nichrom e m etal, as m easured by talystep, is show n in 
figure 4.20.
An attractive feature o f this evaporator system is its ability to accom m odate the shadow ing jig  
during the evaporation o f the metal RIE masks. Since the evaporation sources are arranged along, 
differences in the angles o f incidence o f evaporants from different sources can be minimised.
0.3 pm  of pure gold is thermally evaporated to form the x-ray absorber on the m em brane masks. 
T he grating m ust be arranged directly over the gold source to avoid any shadow ing or faceting 
effects due to the high aspect ratio (7:1) resist structures. A 15 - 20 nm thick layer o f nichrom e 
metal is evaporated before the gold metal to provide an adhesive layer, otherw ise the gold pattern 
falls o ff at the lift-off stage. The grating sam ple is oriented so that the grating lines run parallel to 
the line o f sources. The gold and nichrom e sources are brought as close as possib le together 
underneath the sample.
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Figure 4.20.(a.) Gold metal thickness against m onitor crystal frequency for
the old  evaporator. M easurem ents by talystep. E rror ~ 10 nm.
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Figure 4.20.(b.) N ichrom e thickness against m onitor crystal frequency for 
the old evaporator. M easured by talystep. E rror ~ 3 nm.
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The metal thickness was determ ined to within an error o f 5% depending on the evaporation rate. 
T he sam ples w ere shielded from the sources by a m echanical shutter until an appropriate 
evaporation rate was reached; this was around 15 Hz s 1 for nichrom e and 100 Hz s * for gold. 
Low er gold evaporation rates, < 60 Hz s \  produced very rough surfaces and lift-off was difficult, 
figure 4.21. M uch smoother walls w ere obtained at the higher rate, figure 4.22.
The m etallised resist structure is soaked in acetone and agitated ultrasonically for a minimum of 
5 m inutes to dissolve the resist and lift-off the excess metal. The adhesion grating pattern does not 
seem to be adversely effected by the agitation. In this work, 1 cm diam eter areas o f metal grating 
are produced. This area is reduced if the sample is underetched.
M etallised gratings m ade on ARC may need an additional stage to rem ove the polyim ide-based 
coating. This is done by boiling the samples in acetophenone in a reflux colum n for 20 m inutes. 
The samples are directly transferred from the acetone into the acetophenone. On rem oval from the 
acetophenone, the samples are rinsed in iso propyl alcohol (IPA) and blow  dry w ith oxygen free 
nitrogen. O ccasionally there is still a residue; this can be rem oved by subjecting the sam ples to an 
oxygen plasm a ashing step.
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Figure 4.21.
68 nm th,(*  gold grating
germ anium  substrate. 356.2 nm period.
F igure 4.22.
160 nm thick gold grating on glass. 356.2 nm period.
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4.3. Applications.
Thick resist gratings - etching o f quartz for bioelectronics.
The etched resist grating may itself be used as an etch m ask for a subsequent process, figure
4.2.(d.). Currently the response o f biological cells to the topography o f the surfaces on which they 
are deposited is being studied [Clark 1987, Dow 1987]. These studies could have im plications for 
the stim ulation o f cell growth and the regeneration o f nerve cells. [Clark 1989] has studied the 
response of different cell types: fibroblastic, epithelial and neuronal, to m icrotopological features 
such as sub-m icron gratings. D ifferences in growth response betw een the cell types has been 
observed. On such surfaces a significant num ber o f cell w ere guided along the groove lines 
com pared to a control. To study such system s a neutral chem ical environm ent is needed. In his 
work, C lark used quartz gratings which were produced using a CHF^ RIE process through a thick 
resist grating mask fabricated as already described. Two of the quartz gratings are shown in figures 
4.23., 4.24. The sam ples were etched in the CHF^ plasm a at 100 W  R F pow er, 30(15) cc min 1 
gas flow for 10 and 20 minutes respectively. This was followed by a 15 min oxygen RIE at 30W , 
30 cc min 1 to clean up any residual polymer.
A fter 10 m inutes the grating was etched to a depth o f 0.26 ±  0.01 Jim, figure 4.23. A fter 20 
m inutes, the etch depth was 0.53 pm  ± 0.01 pm , figure 4.24.). The grating period was 356.2 nm. 
The quartz grooves are remarkably smooth.
Two dimensional gratings - dot structures.
There are two ways of transferring dot patterns from photoresist:
(i.) A negative process in which the pattern is transferred through the troughs and not the 
peaks: a crossed grating is exposed in a thick layer o f photoresist (0.7 pm ) sim ilar to the structure 
o f figure 3.26. This structure is shadowed along the grating planes w ith nichrom e m etal as in the 
one d im ensional case (section 4.2.). The oxygen RIE step is m uch the same; the etch tim e is 
about 20%  longer, and it may be necessary to reduce the gas flow slightly to increase the isotropy
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Figure 4.23.
Figure 4.24.
356.2 nm period grating etched into quartz 0.26 pm  deep. 
CHF^ RIE 100W  lOmin..
0 3 0 0 0 7  25KV X35. 0K l . £ 0 u » A
356.2 nm period grating etched into quartz 0.53 pm  deep. 
C H F 3 RIE 100W 20 min.
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Figure 4.26. 50 nm  diam eter dots etched into GaAs by SiC'4  RIE
photograph courtesy of H .E.G. Amot.
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of the etch. As in the case o f gratings etched onto germ anium  the holes are about 100 nm in 
diameter. The reaction products tend to remain inside the interstices causing more undercutting than 
in the one dimensional case.
M etal is evaporated onto the structure and lifted off in acetone to produce the dots, figure 4.25. 
The figure shows the central area of a 1 cm diameter gold metal dot field.
To m ake this pattern, 0.2 pm  o f gold was evaporated on top o f a 20 nm nichrom e adhesion layer. 
The dots are square of side 180 nm and are remarkably uniform. They form a square array o f period 
285 nm. L ift-off was done in acetone and under ultrasonic agitation for 30 seconds.
The metal dot pattern can be used as a mask for subsequent processing.
(ii.) P ositive process4 . The whole structure is etched uniform ly w ithout a m ask until only
the dot peaks are left isolated from one another. The peaks form a m ask for subsequent etching into
the underlying substrate. This was done on GaAs (figure 4.26.). The dots form ed in this way are
2
uniform  over very large areas (1 cm ) and form a periodic two dim ensional array. The num ber of 
dots form ed in this way is very large indeed; it w ould take an e-beam  m achine several days to 
pattern a sim ilar area which is patterned holographically in a few m inutes. One m ajor disadvantage 
o f this process is the lack o f control over the original etch, there is no etch m ask to enhance the 
pattern contrast: the end point has to be guessed unlike case (i.).
The dots on the original photoresist m ask have a diam eter in the range o f 50 - 100 nm , this is 
really too large to see quantum confinem ent in GaAs, but could be used to fabricate quantum  dots 
on InP w here the excitonic radius is larger. Further discussion o f this application is beyond the 
scope o f this thesis.
Thin resist gratings; etching o f GaAs by CH^ - RIE5
The thin resist gratings o f figure 3.24. were etched into the GaAs substrates using a m ethane
4This process was used by J.J Thompson (nee Bates) and H.E.G. A m ot to m ake quantum dot 
patterns on GaAs but is now superceeded by the double x-ray exposure o f a grating mask 
described in Chapter 5.
^The etching was perform ed by Steven Thoms.
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Figure 4.27.
F igure 4.28.
360 nm period grating etched into GaAs -0 .1 5  |im  deep. 
CH4 / H 2 RIE 7 min 150 W .
3 5 0 0 0 4  £ 5 KV X23. 3K 1 . 3 6 u m
360 nm period grating etched into GaAS -  0.25 |im  deep. 
C H 4 /  H 2 RIE 10 min 150W.
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(a.) initial resist mask on crystalline substrate
resist'
substrate
(b.) the substrate is ju st exposed, the substrate etch rate > m ask etch rate
(c.) all the mask has been removed. The model assum es a perfectly anisotropic 
etch rate. The original resist pattern has preserved its lateral dim ensions but 
has been stretched in the vertical direction in proportion to the ratio o f the 
crystal and mask etch rates.
F igure 4.29. Schematic illustration of the stretching process caused by non vertical 
walled resist mask.
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hydrogen reactive ion etch process developed at Glasgow [Cheung 1987]. This dry etch technique 
has the advantages o f high resolution, low dam age and an etch rate in the 0.02 pm  range.
The gratings were made as part of work to fabricate third order DFB lasers on GaAs /  A lGaAs laser 
substrates.
The m axim um  depth of the photoresist is 0.1 pm . These structures were etched in the Plasm afab 
340 with a 1:5 CH^ /  (6.9 /  25 cc min *) m ixture for 5, 7 and 10 m inutes respectively at 150
W  forward R F power. The DC self bias varied between 950V and 1000 V. The residual resist was 
stripped in acetone. The resist was not com pletely etched after 5 m inutes but figures 4.27., 4.28. 
are SEM  m icrographs o f the G aA s structures after etch ing  for 7 m inutes and 10 m inutes 
respectively.
The triangular grating profile o f figure 4.27. is suitable for a third order DFB laser diode. The 
triangular shape has a large third harmonic com ponent which determines the reflection efficiency of 
the DFB structure (see Appendix 5.). Non anisotropic etching o f the resist m ask can cause faceting 
in in the sem iconductor. A nisotropic etching causes the m ask profile to be 'stretched ' in the 
sem iconductor in the vertical direction, figure 4.29.
Ion beam milling o f glass substrates.
As described Appendix 5., work is currently in progress to m ake a first order Bragg reflection 
filter for 860 nm light in slab waveguides produced in glass m icroscope slides (B lue Star type) by 
a potassium  ion exchange process. The grating is form ed either by a second ion exchange or by 
argon ion beam  milling through a gold metal mask.
A schem atic o f the Oxford O A R 2255D ion beam  m illing m achine is presented in figure 4.32. 
The ion source is a dc discharge, physically separated from the substrate by a set o f grid electrodes. 
The grids are biased to extract an argon ion beam . Ion voltages exceeding 500 V are required for 
practical beam densities. The beam is well collim ated so that the angle o f incidence on the samples 
can be controlled by tilting the sample holder. A hot filam ent em itter is placed in the beam path to 
provide low energy electrons for beam neutralisation.
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Figure 4 ?n
356.2 nm 
thr°ugh a
366.2 nm 
trough a
period grating milled into Blue Star microscope slide glass 
0.16 |im thick gold mask. 500 V, 10 mA ,15 min.
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period grating milled into Blue Star microscope slide 
0.16 |im thick gold mask. 500 V, 10 m A  ,10 min.
At gas
, ion 
beam
confined
plasm a therm ionic em itter
pump
neutraliser filament
substrate table 
(tilts /  rotates)
grids for electron 
suppresion and ion extraction
Figure 4.32. Schematic o f ion beam  m illing apparatus.
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The sample surface is eroded by the physical bom bardm ent (sputtering) o f the incident ions.
The sputter yield, i.e. the num ber o f displaced atom s per incident particle, depends on the ion 
energy and the angle o f incidence. For m ost VLSI m aterials argon ions have sputtering yields 
between 0.5 and 1.5 so that etch selectivity between m aterials is poor. Ions arriving with oblique 
angles o f incidence have a higher probability o f displacing a substrate atom  with a m om entum  
oriented away from the surface (M ogab 1983).
In this work the glass samples were supported at 15° incidence to the ion beam  on a w ater cooled 
stage. The stage is ro tated  during the m illing  process to p revent shadow ing. T he ions are 
accelerated through 500 V (10 mA ion current). Typical values for the argon partial pressure and
the cham ber pressure were 9.0 x 10 ^ m bar and 4.0 x 1 0 ^  mbar.
The gratings o f  figures 4.30., 4.31. were m illed for 10 min and 15 min respectively. The etch 
depth is estim ated to be ~ 0.1 pm . The longer etch produced w ider grooves with sm oother walls. 
The gold m ask is 0.16 pm  thick and o f 356.2 nm period. Traces o f the m ask rem ained after 10 
m inutes, and w ere rem oved by soaking in concentrated HC1. A fter 15 m inutes all traces of the 
m ask were absent.
An extra photolithographic step before milling is required to lim it the length o f the grating (see 
C hapter 6); a 500 pm  x 5 mm region o f resist is isolated over the region o f m etal grating to be 
etched. A 0.2 pm  gold layer is evaporated and lifted off. A fter etching, any residual m etal is 
dissolved aw ay in HC1 or Gold etch (a saturated solution o f iodine in potassium  iodide).
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Chapter 5. X-ray Contact Printing.
Chapter Layout.
5.1. X-ray lithography: introduction and overview.
5.2. X-ray mask manufacturing process.
5.3 Contact printer design.
5.4. Contact printing.
5.1. X-ray contact printing: introduction and overview.
The x-ray printing technique was first dem onstrated seventeen years ago by Spears and Smith 
[Spears 1972], who printed 0.6 pm  linew idth electrode structures through a boron doped n-type 
silicon m em brane m ask, 3 pm  thick, into the e-beam  resist polym ethylm ethacrylate (PM M A). 
The resist was exposed by 0.834 nm A1 radiation, produced from a converted electron beam  
evaporator source [Smith 1973].
X -ray shadow  or contact p rin ting1 a t w avelengths betw een 0.5 nm and 5.0 nm is a high 
resolution (< 100 nm linew idth) pattern replication process which is sim ilar in principle to optical 
contact printing: a source o f radiation is used to induce chem ical changes in a polym eric resist film 
through a thin m ask substrate (> 1 pm ) on which the patterns to be reproduced are defined in some 
absorbing material usually a few hundred nanom eters o f gold. The source may radiate isotropically 
as in an electron beam bom bardm ent system or a laser induced plasm a source [Nagel 1983, Pircher 
1986], or it m ay be highly collim ated as in a synchrotron [G robm an 1980b, S piller 1976, 
Heuberger 1985, 1986].
1 X-ray contact printing is often referred to in the literature as x-ray lithography or synchrotron 
lithography (for those systems that use a synchrotron source). The term lithography im plies both 
pattern generation and pattern transfer. Since replication o f fine structures using x-rays does not 
involve pattern generation, the terms x-ray contact or shadow printing have been used here.
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O nce the patterns on the original m ask have been fabricated either by optical, c-beam  or 
holographic lithographies, daughter masks can be produced from it by x-ray printing.
Reported applications o f x-ray lithography using e-beam or holographic lithographically written 
x-ray masks include Fresnel zone plates [Shaver 1988], lateral surface superlattice devices [Warren 
1986, Ism ail 1988], sub 100 nm gate length Si M OSFETS [Chou 1986], subm icron gratings 
[Flanders 1978 a, b]. and DFB lasers [Nakao 1989].
Resolution .
Because o f the lower x-ray wavelengths much fine features can be reproduced by x-ray contact 
p rin ting  than by op tical m ethods since d iffraction  effects are m uch sm aller. The ultim ate 
r e s o lu t io n 2 o f the prin ting  process (at w avelengths below  4.4 nm , the carbon K line) is 
determ ined by the range o f the secondary electrons (photoelectrons and A uger electrons) that are 
produced by atom s in the resist after the absorption o f an x-ray photon. The photoelectron range 
increases rapidly with increasing photon energy, reducing the resolution o f the printing process. At 
the carbon w avelength, the photoelectron range in PM M A  is between 5 nm and 10 nm. U sing the 
4.4 nm line F landers [1979a, 1980], in a dem onstration experim ent, replicated 175 A w ide lines 
and spaces in PM M A  resist. These structures probably indicate the minimum linew idth that can be 
produced in PM M A. The 175 A wide m ask patterns w ere m ade by shadow evaporating a thin layer 
o f m etal onto a vertical walled step on the polyim ide m ask surface. The step on the m em brane was 
produced by etching a vertical walled groove on a silicon w afer and then encapsulating the wafer 
with polyim ide. The underlying silicon is etched away to leave the profiled membrane.
T he insensitiv ity  o f  the prin ting  process to d iffraction  m eans tha t m ask features can be 
reproduced over a large depth of field. Since x-ray lithography is a parallel process, com plex 
subm icron patterns that would require several days for an e-beam  system to define can be printed 
over large areas in much shorter times.
Exposure time.
The exposure times associated with electron bom bardm ent sources (such as the one used in this
work) are long (several hours) due to two factors: first: the quantum efficiencies for such targets are 
-4
sm all <10 photons /  steradian /  electron, [Spears 1972, G reen 1968], second: the source sample
2The ultim ate resolution is also determ ined by the intrinsic resolution o f the resist material. For 
PM M A  this resolution is probably o f the order o f 10 nm [Smith 1989].
page 112
distance D is m ade large (>5 cm) to m inim ise geom etrical errors in the resist pattern caused by the
lack of collim ation in such system s. Since the radiation is em itted over 2n  sterad, the intensity 
2
falls o ff as 1 /  D .A  trade-off exists between the geom etrical effects in the printed im age which 
increase the minimum linewidth of the printing process and the exposure time. The long exposure 
tim es lim it the use of these systems to pure research.
U sing brighter and m ore collim ated sources (synchrotrons) m ask patterns up to 10 cm  in 
diam eter can be reproduced in times ranging from a few seconds to several minutes [Pircher 1986, 
Broers 1986]3.
U nfortunately the collim ation o f e-beam bom bardm ent sources cannot be im proved due to the 
lack o f  focussing optics in the soft x-ray region. The real part o f  the refractive index for m ost 
m aterials is approxim ately unity at x-ray w avelengths [Eisberg 1961, p 476]. Low atom ic number 
(Z) m aterials have attenuation lengths o f  the order o f  m icrons to soft x-rays. This attenuation 
increases with wavelength above 1.0 nm. It is not possible to produce refractive x-ray lenses; the 
thickness o f material required to produce an acceptably short focal length w ould introduce too much 
attenuation. Fresnel zone plates are currently under developm ent for use in x-ray m icroscopy but 
their efficiencies are very low ~ 5% [Michette 1988].
The low sensitivity o f PM M A resist is another factor which increases the exposure time. X-rays 
in the 1 - 50 nm range are not very strongly absorbed by polym er resists ( a  = 0.4 dB pm  V  
com pared with visible or UV light, but they are strongly attenuated by high atom ic num ber (Z) 
m aterials such as gold ( a  ranges form 10 dB pm  1 at 0.5 nm to 120 dB pm  1 a t 4.4 nm). The 
search for a high contrast, high sensitivity x-ray resist is an active area of research (see for exam ple 
[Dossel 1986]).
T he rela tive transparency o f low Z m aterials to x-rays does m ean that con tact prin ting  is 
relatively insensitive to organic contam ination on the mask or substrate. Any errors that are caused 
by dust particles during resist exposure can be rem oved by sim ply increasing the exposure tim e 
[DellaGuardia 1989].
X-ray exposure of resist is unaffected by the underlying substrate: there are no coherent effects in 
the resist due to substrate reflectiv ity  as in optical lithography, o r a p roxim ity  effect due to
3Laser induced plasma sources are brighter than conventional e-beam bom bardm ent sources but 
they are uncollimated.
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backscattering from the substrate as in e-beam lithography.
X-ray masks.
The m ask substrates m ust be thin, low Z material , dim ensionally stable and strong [W ilkinson 
1985]. Ideally  the m em brane should be op tically  transparen t to allow  reg istra tion . These 
requirem ents are not easy to meet; much of the current effort is in the developm ent o f new mask 
technologies. R ecent w ork has concentrated on dielectric m em branes, especially for synchrotron 
lithography. Several m aterial system s have been investigated: SiN [Dana 1986, Suzuki 1982, 
Sekim oto 1981], polycrystalline Si [H eubergerl986], and SiC [Yamada 1989]. These masks h ave 
to last for several thousand exposures. Consequently the m easurem ent o f distortions due to thermal 
effects and m aterial stresses are an im portant area o f research  [K am ezos 1986]. Polyim ide 
m em branes are m ore suitable for low pow er exposure systems.
The geom etrical errors produced in the resist pattern due to lack of source collim ation are reduced 
by m aking the gap between the m ask and sam ple as sm all as possible. F or sm all linew idths 
patterns <100 nm wide, the mask and sam ple m ust be in intim ate contact. This usually results in 
m echanical dam age induced in the mask, reducing its working life.
Synchrotron sources can be operated with much larger m ask sam ple gaps up to 40 pm . In this 
case thicker (stronger) m ask substrates can be used because o f  the increased source brightness. 
H ow ever, diffraction in the gap lim its the technique to 0.5 pm - 0.3 pm  linew idths. Ku et al 
[1988] and Hasegaw a et al [Hasegawa 1989] have shown that it is possible to reduce the effects of 
diffraction at least in the near field by tailoring the absorber thickness to give a n  phase shift to the 
w eak transm itted  radiation which partially  cancels out the weak diffracted com ponent o f  the 
intensity through the mask apertures.
Synchrotron lithography systems are very sophisticated and hence very expensive and so m ust be 
used to run several exposure stations sim ultaneously so as to m ake the process m ore econom ical. 
A t present, despite the development o f step and repeat facilities and sample registration schemes for 
use with these systems, synchrotron lithography belongs m ore to the area of *big science1 than to a 
reliable industrial technology [M ackens U ., 1989, D eguchi K., 1989].
A discussion o f the m erits o f these high pow er sources is beyond the scope o f  this thesis; 
relevant inform ation can be obtained from the reviews quoted above.
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The rest o f  this chapter.
The developm ent o f a contact printing system , figures 5.1., 5.2., 5.3., based on an electron 
bom bardm ent source producing copper radiation w ill be described. This system  uses a 
polyim ide m em brane mask technology sim ilar to that developed by Smith's group at M IT [Plotnik 
1983, H anders 1977].
Section 5.2. w ill sum m arise the mask fabrication process and a description o f the contact printer 
is given in Section 5.3.
The contact printing results are discussed in Section 5.4.; 285 nm period grating patterns have 
been prin ted  onto 0.2 pm  thick BDH Poly m ethyl m ethacrylate (PM M A) resist on 5 x 5 mm 
silicon and titanium -coated glass wafers, after exposure for 6 hours at the copper L ^w aveleng th , 
1.33 nm. Sub 100 nm side PM M A  dots, 0.2 pm  high, with vertical walls have also been produced 
by a  double x-ray exposure o f the same grating mask.
A detailed account o f the system operating procedure is provided in Appendix 4.
Electron bombardment sources: choice o f  x-ray wavelength.
W ith an electron bom bardm ent source such as the one used in these experim ents, figure 5.2., the 
choice of wavelength depends on the available materials, the minimum linewidth to be printed and 
the absorption in the membrane mask and the resist.
F actors affecting the minimum linewidth:
1.Secondary electron range.
The minimum linewidth is determ ined by the range o f the secondary electrons produced in the 
resist. W hen soft x-rays pass through matter, their energy is much higher than the binding energies 
o f the electrons in the outer shells o f the atom s in the m aterial so that there is little interaction. 
M ost o f the photons simply pass through the material.
A t these energies, the m ost probable interaction is the excitation and ionisation of inner K shell
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1.  p o l v i m i d e  m e m b r a n e  m a s k .
2.  p h o s p h o r  b r o n z e  m a s k  i n s e r t ,  w i t h  c i r c u l a r  g r o o v e ,  f o r m i n g  t w o  r i n g s .
3 .  4 0  t u r n s  p e r  i n c h  l o c a t i n g  t h r e a d .
4 .  s t a i n l e s s  s t e e l  s u p p o r t  r i n g .
5 .  s a m p l e  h o l d e r  p l a t e .
6 .  s e m i c o n d u c t o r  s a m p l e .
7 .  P T F E  b l a n k  p l a t e .
8 .  s c r e w  c l a m p s .
9.  e l e c t r i c a l  c o n n e c t i o n  ( e l e c t r o s t a t i c  c h u c k i n g  e a r t h ) .
10 .  e l e c t r o d e  p l a t e .
1 1 .  P T F E  i n s u l a t o r .
1 2 .  s p r i n g  p l a t e  t o  k e e p  e l e c t r o d e  p l a t e  t a u t .
1 3 .  e l e c t r i c a l  c o n n e c t i o n  ( 5 0  V )
( a l l  d i a m e t e r s  a r e  in m m . )
Figure 5.2. X-ray contact printer: sample holder.
X- Ray  Flux
S e c o n d a r y  E l e c t r o n s  
d e f l e c t e d  fro m  X-Ra  
beam.
-  kV
C e r a m i c  S p a c e r
Anode  S h i e l d
Anode  Hearth
Metal  Cage
C a th od e  F i l a m e n t  ( -kV)
Anode  Column (OV)
C o ol in g  W a t er  ^  t  ^  Cool in g  W a t er
Out C oo l in g
W a t er  
IN
Figure 5.3. X-ray contact printer: e-gun source, 
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electrons via the photoelectric effect [Eisberg 1961].
Absorption via the photoelectric effect is a strong function of the atomic number Z of the 
material ~ so that materials like gold have attenuation coefficients several orders of magnitude 
higher than low Z materials like PMMA or polyimide (figure 5.5., 5.8.). When a sufficiently 
energetic photon comes close enough to the inner shell electrons of a polymer atom to be absorbed 
the atom becomes ionised ejecting a photoelectron, and forming a hole in one of its inner shells.
The emitted photoelectron can have an energy up to the incident photon energy minus the shell
feme's
binding energy and emitted [Compton 1927 p.240].
Cv\c.VV£^U/J. p C
The excited atom relaxes either by the transition of an electron from a higher shell to fill the 
hole in the low shell (K) with the emission of a secondary x-ray of lower energy (fluorescence) or 
by an Auger process (the electron gives up its energy to another electron, ionising the atom 
further). The fluorescent x-ray may be reabsorbed to produce further electrons. The net effect is the 
production of secondary electrons. These electrons collide with the polymer chains causing chain 
scission (in PMMA), and hence expose the resist. The developer selectively dissolves lower 
molecular weight fragments of the polymer.
Resolution is thus determined by the range of these low energy secondary electrons. The resist
exposure mechanism is the same as in e-beam lithography, except that the electron energies are
much smaller (1 KeV compared to 50 KeV for the incident e-beam). The secondary electron range
2
increases approximately as 1 / X  , so that very soft copper 1.33 nm or carbon 4.4 nm 
radiation must be used for high resolution work. Diffraction becomes important again at these 
wavelengths necessitating intimate contact between the mask and sample to minimise edge 
blurring.
Experimental data for secondary electron ranges vary by a factor of two. Smith [Smith 1977,
1974] quotes values of 20 nm and 5 nm for the Cu and the C lines. In this work, values
obtained by Rishton [1984, Chapter 3] have been used, figure 5.4. Rishton built a low energy
electron exposure system (20 eV to 2500 eV) to examine the electron range in PMMA. Samples
-5 2
were exposed through a copper mesh at a constant dose (5x10 C / cm ) at a given acceleration 
potential and then developed. The electron range was estimated from the depth of the developed 
pattern. His results indicate secondary electron ranges of 50 nm and 10 nm for the Cu La and C
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lines respectively.
The secondary electron range due to A1 radiation (0.834 nm) is ~ 100 nm - double that of 
copper. An alum inium  source is not suitable for high resolution replication.
2 D iffraction.
The im pact on resolution due to diffraction may be estim ated from Fresnel diffraction theory. In 
intim ate contact, the resist thickness is many wavelengths allowing the K irchoff approxim ation to 
be used. T he m inim um  linew idth due to d iffraction, lm in, printed through a gap o f width g, is 
estimated from:
1 min “  0 g (5.1.1.)
where Xq is the exposure wavelength.
In intim ate contact g is the sam e as the resist thickness ~ 0.2 pm . Substituting Xq = 0.834 nm,
1.3 nm or 4.4 nm (A1 Ka , Cu L a  or C Ka  lines) into (5.1.1.) yields values o f lmin = 13 nm,
16 nm or 30 nm. Thus diffraction effects are not the lim iting factor in this case.
O ut o f intim ate contact the m axim um  tolerable gap betw een m ask ant'sam ple can also be 
estim ated ; assum ing a m inim um  linew idth  o f 100 nm , equation  (5 .1 .1 .) p red ic ts  tha t the 
m axim um  tolerable gap is 12 pm , 7.7 pm  or 2.7 pm  (A1 Ka , Cu L a  or C Ka  lines).
W hen A1 (1.48 KeV) radiation is passed through a 40 pm  gap, the m inim um  linewidth due 
to diffraction is 183 nm. Printing through a large m ask substrate gap increases the lifetim e o f the 
m ask  since it is no longer being p ressed  aga inst the substra te. T he gap  also  allow s the 
developm ent o f an accurate mask alignm ent scheme. For contact printing, m ask alignm ent m ust 
be done out o f contact before the mask is brought into contact. The mask may shift relative to the 
substrate during this process, introducing an unacceptable overlay error if  more than one pattern is 
to be printed.
3. Geometric effects.
The minimum linewidth and the accuracy of the printed image are affected by penum bral blurring
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Figure 5.7. Geom etrical distortions arrising in the resist im age o f the m ask pattern
because of the finite size o f the source (penum bral distortion 5 ) and 
its lack o f collim ation (lateral m agnification error A ) 
where 8 and A are given by:
8 = s . d / D  
A = s . r / D
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and a lateral m agnification error due to the finite size o f the x-ray source. Penum bral blurring 8 
arises because of the slight change in incidence angle seen at the mask for radiation from different 
parts o f the source and the lateral m agnification error A is due to its lack o f collim ation. These 
effects are m inim ised by printing the m ask in intim ate contact, figure 5.7. From  the figure we 
have:
A = s-±- 
D
(5.1.2.)
(5.1.3.)
w here s is the m ask-sam ple separation (which equals the resist thickness in intim ate contact), D is 
the target-m ask separation, d is the diam eter o f the source and r  is the displacem ent along the 
sam ple surface from a position directly over the centre o f the source. In these experiments, d was 
2 m m , D = 88 mm, r = 2.5 mm and s = 0.2 |im , giving 8 < 5 nm, A < 7 nm. If  the gap had been 
10 p.m, then d and r would have been > 200 nm which is obviously unacceptable. N ote that lateral 
m agnification error is not cum ulative c.f. the error on the grating period discussed in chapter 2. 
These sm all errors < 7 nm are tolerable.
Suitable anode materials.
Practically, the choice o f exposure wavelength to produce sub-100 nm structures is restricted to 
the copper and carbon lines where the secondary electron range is lower. In this work the 
copper line was used. A copper target can be water cooled directly whereas heat dissipated from a 
carbon target m ust first pass through the therm al jo in t between it and the w ater cooled hearth in 
w hich it rests. Am orphous carbon has a much low er therm al conductivity than copper. A lthough 
carbon has a m uch higher melting point than copper, the anode cannot be run at such a high power 
w ithout m elting the indium solder which forms the therm al jo in t w ith the hearth. Since the yield 
o f the source depends on the electron beam energy (and hence on the pow er dissipated in the target 
for a given electron current) copper sources are brighter than carbon ones leading to a shorter resist 
exposure time.
F or a copper anode the maxim um  electron current that can be d issipated at an accelerating 
voltage V can be estimated from:
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o -  T 
i = n  r k -----------------
e V d  (5.1.4.)
w here r is the radius of the focused spot on the anode (= 1 mm), k is its therm al conductivity (Cu: 
~ 400 W m 1K 1, d its thickness (=1 mm); T and T are the anode m aterial m elting point (Cu:
m  w
1356 K) and the cooling water (~ 313 K) tem peratures respectively. V is the electron accelerating 
voltage (6 kV). The therm al data was obtained from the H andbook o f C hem istry and Physics 
published by the Chem ical Rubber Com pany. Equation (5.1.4.) predicts i = 200 mA for copper. 
Running the anode at high powers near its m elting point produces pitting [Plotnik 1983 p. 14. and 
Yoshim atsu 1977].
High pow er running o f the anode is desirable since this increases the ratio between characteristic 
and continuous x-ray radiation. A high ratio is desirable for x-ray contact printing since the cut-off 
for continuous radiation has a much higher energy than the characteristic radiation. H igher energy 
continuous photons produce higher energy secondary electrons which would reduce the resolution.
Characteristic and continuous x-ray radiation.
W hen electrons bom bard a target two types o f x-ray radiation are produced: discrete wavelengths 
that are characteristic o f the target material and a continuous spectrum whose shape does not depend 
on the m aterial. The maximum (cut-off) frequency for continuous radiation is determ ined by 
Eq, the maxim um  kinetic energy o f the incident electrons:
C ontinuous x-ray radiation is em itted by electrons accelerated as they interact electrostatically 
w ith the nuclei o f the atoms in the anode. Characteristic radiation is produced follow ing the close 
collision o f an incident electron with inner shell atomic electrons creating a hole in the shell. The 
atom is excited and an electron from a higher shell falls into the vacancy em itting a characteristic 
x-ray line in the process. The efficiency o f the two em ission processes depends on the incident 
electron energy E Q and hence the pow er dissipation in the anode. The num ber o f photons em itted 
per incident electron in the continuous spectrum is given by:
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N ( E ) d E = k Z —  d E  (E expressed in K eV )
E v  (5.1.6.)
w here N  (E) is the num ber o f photons of energy E in a range dE around E. k is a constant 
independent o f Z  ~ 2 x 10 6 (KeV) 1 Exam ination o f equation (5.1.6.) shows that the continuous 
rad ia tive intensity is sm aller for low Z m aterials such as Carbon (Z = 6) than for higher Z 
m aterials such as copper (Z = 29). Continuous spectrum x-rays are em itted anisotropically with 
minim um  intensity in a direction back along the electron beam [Bem acki 1975].
Characteristic x-rays are em itted isotropically. The num ber o f characteristic photons em itted per 
incident electron per steradian, the internal quantum efficiency, is given by N  /  4 k  where
N = N o ( E o - E x)
1. 63
(5.1.7.)
4
and N  is a constant for a specific m aterial . E is the ionisation energy o f the atom ic shell. All
U A
energies are in KeV. The ionisation energy can be estim ated from:
( Z -  a )2 
E x = ( - ) 1 3 . 6 l £  —— (eV )
n (5.1.8.)
w here a represents a screening factor and n is the principal quantum  num ber for the shell. (N.B. 
only positive values for E are substituted into (5.1.7.)). For the L shell n = 2 and a = 7.4 so
A. CX
that E ^  is - 1.6 KeV for copper (Z = 29).
Substituting N  = 0.5 x 10 4 [Green 1968] E = 1.6 KeV, values o f 0.45 x 10 4 and 0.82 x 10 4
U A
quanta per electron per steradian are obtained for the internal quantum  efficiency at accelerating 
potentials o f 6 KV and 8 KV respectively. The observed, external, quantum efficiency is denoted 
by e which can be written as e = N .f /  4n. f  (< 1) is a param eter which takes into account x-ray 
absorption inside the target m aterial itself since x-rays are generated a t som e finite depth in the 
material. Here the effects o f target reabsorption have been neglected as we are only interested in an 
order o f magnitude calculation of the source brightness.
4N  has been measured by Green and Coslett [1968]. For the carbon K and copper L lines 0 a  a
-4 -4
N q ~ 2 x 10 ,0 .5  x 10 (extrapolated value) respectively.
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The incident characteristic x-ray flux density at the resist surface is estimated from:
where i is the electron current supplied to the gun, e the electronic charge, e the external quantum
2
efficiency, hv is the photon energy, 1 /  D is the solid angle subtended by unit area on the sample 
separated from the source by D and p is the fractional transm ittance o f the (polyim ide) m em brane 
mask.
The attenuation o f x-rays through a material is described by expressions o f the form:
I = Iq exp (- p .x) (5.1.10.)
w here p  is the wavelength dependent attenuation coefficient; I, I are the transm itted and incident 
intensities respectively and x is the thickness o f the m aterial. A ttenuation coefficients are usually 
given in cm  1 or dB pm  \  The attenuation of polyim ide is 2.0 dB pm  1 at the 1.33 nm copper 
w avelength (figure 5.5.) so that p = 0.63 for a 1 pm  thick membrane.
In these experim ents, i = 50 mA, D = 8.8 cm , hv = 1.495 x 10 16 J. Substituting these values
.2
into equation (5.1.9.) and the appropriate quantum efficiency, values for I = 17 pW cm  (6 kV) 
_2
and  31 p.W cm  (8 KV) at the resist surface are obtained.
The instantaneous pow er density absorbed by the resist m ay also be calculated. Data from 
[M cGillis 1983] for PM M A, figure 5.8., predicts an attenuation coefficient p  o f ~0.4 pm  1 or 1.7 
dB pm  1 at 1.33 nm.
T he resist absorbs a fraction ( i  - IQ)  / 1 o f the incident flux density, IQ, w here I is given by 
equation (5.1.10.). Substituting p  = 0.39 pm  *, a value o f 0.08 is obtained for the fractional flux 
density absorbed in a 0.2 pm  thick layer o f PM M A.
-2 -2 
The resis t layer absorbs approxim ately 1.4 pW cm  (6 KV, 50 mA) or 2.5 pW cm  (8 KV, 50
mA) o f the incident x-ray flux.
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Figure 5.8. Absorption coefficients o f several materials against x-ray wavelength.
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Figure 5.9. D efinition o f the sensitivity E ^ a n d  con trasty  o f a positive polym er resist.
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Figure 5.6. gives an estim ate [Smith 1977] of the pow er absorbed in a 1 pm  thick polym er
resist film  in W atts per W att (power dissipation in the target) per sterad per KeV interval as a
function o f photon energy for a copper target operating a t 8 KeV, taking into account target
reabsorp tion  and then m ultip ly ing by the fractional absorption  o f the po lym er resist. The
absorption o f the m ask is neglected. A 1 pm  thickness of PM M A  absorbs 4.3 tim es as much
pow er as a 0.2 pm  thickness. Substituting 400 W  for the input pow er (50 m A, 8 KV), a solid 
-2
angle of 8.8 , and m ultiplying by the mask transm ittance, p = 0.63, Smith w ould obtain a value
-2 -2 
o f 6.0 pW cm  for a 0.2 pm  thick PM M A  layer. This com pares with 2.5 pW cm  obtained as
above. The discrepancies indicate the difficulty with which these estim ates have to be made. Smith
also includes a calculation for the continuum  and finds that at 8 KV this only represents 5%  o f the
radiation em itted in the characteristic line. Thus the effects o f the continuum can be neglected.
Other target materials
The possibility o f  using a titanium  anode instead o f a copper one was also considered for this 
work. A titanium  source em its softer L radiation than copper (L ^  2.74 nm , 2.71 nm). The
idea was abandoned because o f increased absorption in the polym eric m ask m aterial (15 dB p m 1) 
between the copper and carbon wavelengths. Polyim ide has an acceptable attenuation (~2 dB p m 1) 
at the Cu and C wavelengths. Betw een these two w avelengths, polyim ide has an absorption edge 
rising to 40 dB pm  1 (at 4.0 nm).
A nother potential difficulty is caused by the em ission of K series radiation from the Titanium at 
relatively low electron energies. This also happens in Copper, but at a m uch higher energy. The 
very light elem ents, with Z < 20 have K series characteristic lines only. The K series w avelengths 
(absorption edges) decrease rapidly with increasing atomic number. Copper and Titanium both have
K and L series characteristic radiation5; for Cu: L = 1.33 nm (0.93 K eV ), K = 0.154 nm (8a  v ' a  v
K eV), for Ti: L a  = 2.74 nm (0.45 KeV), K ^  = 0.275 nm (4.51 KeV). For Carbon the energy may 
be increased until the target starts to evaporate; there is no L  series. A t low electron accelerating 
potentials, above threshold, L series radiation is em itted from both copper and titanium  targets. 
H ow ever if the incident electron energy exceeds the K  shell ionisation energy6: 10.3 KV for 
copper or 6 KV for titanium , higher energy K radiation would be em itted inducing higher energy 
secondary electrons in the resist. This is to be avoided. In these experim ents the copper target was
5Data taken from tables o f principal em ission lines o f x-ray spectra o f the elem ents (K, L, M 
series) in [Jenkins 1974]
C a lc u la te d  from equation (5.1.8.) with a =1.
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run at 6 KV, well below the threshold for the K radiation.
An exam ination o f tables o f the x-ray w avelengths of the elem ents indicates that am ongst the 
lighter elem ents for K scries radiation, after C, the next softest w avelength target m aterial is Al, 
follow ed by Si. The intervening elem ents are either gaseous or reactive m etals like Na or Mg. 
L ooking a t L series spectra in the range o f Z = 20 to Z  =29 (Cu), only Ti, Fe and N i are 
possibilities. Their L series radiation is all softer than that o f copper and they all have lower 
energy thresholds for their K series spectra. A Ni target would have broadly sim ilar wavelengths to 
a copper one. Copper is thus the next preferred soft x-ray source after carbon.
Early x-ray printing experim ents w ere done with alum inium  targets (Al K : 0.84 nm); many 
workers discussed m ask com binations and working distances to m inim ise the long exposure times 
[Sullivan 1975]. In the first systems the x-rays were generated in vacuo and then passed through a 
30 pm  thick Beryllium  window into a cham ber filled with helium  at atm ospheric pressure. The 
window also acts as a radiation shield to filter out unwanted higher energy continuum radiation.
T he attenuation  coefficients for polyim ide are 2 .0  dB pm  1 at the 4.4 nm  and 1.33 nm 
w avelengths com pared w ith 0.56 dB pm  1 a t the 8.34 nm w avelength. A t very soft x-ray 
w avelengths there is also a reduction in the ratio o f the pow er absorbed from  the characteristic 
radiation to the power absorbed from the continuum , so that no radiation filters or w indows should 
be used [Smith 1977]. Exposure m ust take place in a vacuum  environm ent.
Choice o f  m ask material.
In this work 1 pm  thick polyim ide m em brane layers w ere used as the m ask substrates after 
F landers [1978c]. The m em branes are easy to produce, dim ensionally stable, even during long 
exposures (see Section 5.4.). W hen coated with a metal layer, they can be conform ed into intim ate 
contact by applying an electric field between the m ask and sample surface and they are reusable (at 
least 5 x in these experiments).
In som e previous work done in this departm ent, Beaum ont et al [Beaum ont 1981] used carbon 
film  x-ray m asks deposited in intim ate contact w ith resist coated Si w afers. T he patterns were 
prin ted  w ith C K radiation. The integrated m asks dem onstrated the feasibility  o f  the contact
page 130
prin ting  process, but are obviously not an acceptable lithography system . D um as [1985] was 
developing a m ask system based on Si^N^ membranes.
A practical lithography system requires the developm ent of a reliable and reusable mask system.
The silicon nitride system was abandoned because this material has a very high tensile stress (1 x
10 2 2 
10 dyn /  cm ), which lim its the area o f a self supporting m em brane to less than 1 mm . Non
stoichiom etric SiN m aterial w hich has a m uch sm aller tensile stress can b e  grown by a low
te m p e ra tu re  L P C V D 7 process. T he stress in the film  can be ad justed  from  tensile  to
com pressive by altering the gas flow param eters during the LPCVD process. Several groups have
succeeded in making large diam eter transparent m em branes from SiN [Suzuki 1982, Seikim oto
1981, D ana 1986] M ore recently, these m em branes have been replaced by SiC m em branes which
are less susceptib le  to rad ia tion  degradation  (several hundred exposures). B ecause o f  the
unavailability  o f the SiN  m aterial and the restrictions o f the S i^N ^ m em branes: fragility  and
lim ited area, it was decided to try to m ake masks with polyimide.
Resist material.
A Positive PM M A  electron beam  resist was used in these experim ents. This resist has a low 
m olecular weight distribution (140 000) and was spun coated to a depth o f 0.2 pm .
A t the end o f a six hour exposure, the incident dose at the surface o f the resist is approxim ately
-2 -3
370 mJ cm and the resist absorbs 1.5 KJ cm . These calculated values are probably optim istic
since no contam ination effects have been included in the estim ate, but they do com pare well with
values quoted in the literature giving the exposure doses to produce chain scission in PM M A:
incident dose ~ 300 - 1000 mJ cm 2, absorbed dose 300 - 1000 J cm 3 [Spiller 1977].
To m inim ise noise effects during exposure, high resolution resists, like PM M A , m ust have a 
low sensitivity ( i.e. a high incident exposure dose per unit area to produce com plete developm ent). 
T he contrast o f the mask (defined as the ratio o f the transm itted and attenuated x-ray fluxes) also 
affects the num ber o f exposure defects - hence low contrast masks require higher exposures.
A highly sensitive resist has in general a low contrast y. The contrast o f a resist is defined from 
the slope o f the exposure energy versus developed depth curve (for a given resist thickness and
7Low Pressure Chem ical Vapour Deposition.
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developer concentration), figure 5.9:
^  ( E  ^ 
i f  T
V I J (5.1.11.)
w here E^, is the sensitivity and E j is the energy density obtained by draw ing the tangent at E ^  to 
reach 100 % resist thickness.
Low er contrast resists require higher contrast masks. Spears [1972] states that the m ask contrast 
should be better than 3:1 for PM M A. In these experim ents the x-ray masks had very high contrast 
(10:1), so that w ith a high contrast resist like PM M A (y = 2 - 3), the defect density should be 
negligible.
In this work developm ent rates for unexposed and exposed PM M A in 1:3 M IBK /  IPA developer 
were adopted from Beaum ont [1981], who also used lower contrast masks (2:1) (Section 5.4.).
A lthough PM M A  was used here, there are other x-ray resists. PM M A  has the low est sensitivity
and one o f the highest resolutions o f the x-ray resists. This makes it ideal for research work but
not for industrial production. Much research has been done to develop faster x-ray resists but nearly
alw ays a t the expense o f resolution. Faster x-ray resists often incorporate heavier elem ents to
increase the absorption in the vicinity o f the exposure w avelength. F or exam ple negative resists
_2
w ith sensitivities below  10 mJ cm have been m ade by incorporating C hlorine into the resist 
polym er. C hlorine has an absorption edge at 0.44 nm w hich strongly absorbs the 0.437 P d^  
wavelength [Taylor 1981], [M cGillis 1983],
Recently three com ponent positive resist systems have been developed [Ddssel 1986]. The resist
is a novolak based resin in w hich the dissolution inhibitor is destroyed via a cataly tic agent
_2
generated by the radiation, and not by the radiation directly. Sensitivities o f < 50 mJ cm  and 
resolution a t least as good as 0.3 J i m  were reported. The technique takes advantage o f the higher 
resolution o f positive resists as opposed to negative ones which tend to swell on w et developm ent. 
U nfortunately, these resists are not available com m ercially unfortunately so their perform ance at 
resolutions below 0.3 J i m  cannot be assessed.
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5.2. X-rav mask manufacturing process.
Polyim ide m em branes are much cheaper and m ore easily m ade into x-ray m asks than are 
sem iconductor membranes.
In the m icroelectronics industry polyim ide is used to p lanarise the surfaces o f sem iconductor 
devices. The precursor polym er becom es fully cross-linked above -3 5 0  °C. After curing it is more 
or less chem ically inert and resists m ost acids and solvents. Below 450°C  above which therm al 
decom position sets in, the polym er has a very high therm al resistance. The coefficient of therm al 
expansion i s - S x l O ^ K 1 [Hitachi Data Sheet].
The fabrication steps to m ake an x-ray m ask are sim ple; the precursor m aterial is spin coated 
onto a suitable substrate and then cured in a high temperature oven. Before applying the polyim ide, 
the substrate has to be carefully cleaned; dust particles on the surface create tide m arks during the 
spin coating process and may cause pin holes in the final film. The final m em branes are extrem ely 
fragile and m ust be handled very carefully to avoid tearing them , especially during the etching 
process to rem ove the supporting substrate.
Substrate material.
In this work both thin glass coverslips and silicon wafers were used as substrates. Som e work 
had been done previously by Stark [1985] in this departm ent to m ake polyim ide mem branes, bu t it 
was never carried beyond the membrane fabrication stage.
G lass substrates were chosen as the m ost convenient substrates on which to m ake x-ray masks. 
W ork on silicon was abandoned because of the difficulties o f holographic exposure on a reflective 
substrate and problem s experienced with w et etching the silicon. On glass the polyim ide form s a 
transparent layer and reflections can be elim inated using a back prism  as was seen in C hapter 3. 
Silicon requires either an accurately controlled resist thickness or an anti reflective layer such as 
ARC.
G lass substrates can be etched in 50% hydrofluoric acid in a few m inutes provided that they are 
thinner than 1 mm or so. Com plications arise for thicker samples: an insoluble white residue tends 
to form at the glass surface reducing the etch rate [Stark 1985].
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To etch silicon, a 5: 1 m ixture (by volum e) o f concentrated nitric acid [69-71%  HNO^] to 
concentrated hydrofluoric acid [40% HF] was used. This is a standard recipe [Sze 1985]. In this 
reaction the acid becomes quite hot ~ 80°C and brown oxides o f nitrogen are evolved. The increase 
in tem perature was sufficient to m elt the wax that protects the glue between the polyim ide and the 
m ask holder. The m em brane was often ruptured by the evolution o f gas. This etch schem e is more 
com plex and generally more unpleasant to use than the etch for glass.
Polyimide application and curing.
X-ray m asks w ere processed on 22 mm side glass coverslips * 200 pm  thick (Chance Propper 
Ltd. no. 2). The finished m em brane internal diam eter was 15 mm, which is about the m axim um  
that can be exposed with the printer geometry.
Since the glass is thin, great care had to be taken in handling it. The coverslips were cleaned in 
the standard way (see Chapter 3) by ultrasonically agitating them in trichlorethylene, m ethanol, 
acetone and de-ionised water. Then they were polished in a sulphuric peroxide bath (8 parts conc. 
sulphuric acid to 1 part hydrogen peroxide ( - 3 3  %)) to rem ove any residual contamination on their 
surfaces. A fter polishing, the coverslips were rinsed once more in de-ionised w ater and blown dry 
using a filtered com pressed air gun. They were left to dry on a hot plate a t 50°C over night.
Tw o different types o f polyim ide solution w ere used: a com m ercial polyim ide m arketed by 
H itachi: P IQ  - 13 and solutions m ade up from  a precursor m aterial (C iba G eigy X U  218). 
P recurso r m aterial was d isso lved  in a 35 % - 65 % m ixture (by volum e) o f  o-xy lene and 
acetophenone to reach the desired concentration (by weight).
Except for very weak concentrations (< 4% by weight), polyim ide solutions are too viscous to 
filter out contam inants sm aller than about 50 pm . The solvents also tend to dissolve the synthetic 
filters increasing contamination in the spun film.
Several m em brane thicknesses w ere tried out in this work. Initially, follow ing [Stark 1985] an 
8 % solution o f precursor was used. The resulting 0.3 pm  thick layers w ere too fragile. Som e 
work was also done on bi-layers to try and avoid pin holes in the finished film s, but again without 
success. C uring the first layer before applying the second one induced stresses into the bi-layer 
caused by the shrinkage o f the second film on curing. If the second layer was spun onto the first
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one after it had been baked at 150°C to drive off solvents, the two layers tended to dissolve one 
another causing thickness variations.
Particle contam ination in the precursor solutions was a severe problem  and poor quality films 
were produced often leading to mask failure especially during the wet etching o f the glass.
M uch better film quality has been obtained using the H itachi PIQ  - 13 solution. A 1 pm  thick 
layer was produced by spinning PIQ  - 13 at 6000 rpm for 60 seconds. The polyim ide was much 
cleaner and produced strong m em branes w hich could even stand being blow n dry w ith filtered 
com pressed air. The thicker layer does not introduce an unacceptably large attenuation to x-rays.
Polyim ide curing.
The curing process is in three stages; a bake a t 100°C for 30 m inutes to drive o ff solvents, a 
bake at 200°C for 60 m inutes to partially  cross-link  the polym er, and a bake a t 350°C for 60 
m inutes to fully cross-link  the polym er. The covered sam ples are p laced  in a tem perature- 
program m able fan oven for the curing process. The exact details o f the curing process are not 
sacrosanct; some manufacturers advise a four stage baking process, and the first two stages can be 
equally well carried out at 150°C and 250°C.
Pattern definition.
The processes o f Chapters 3, 4 produce a m etal grating pattern o f arbitrary shape and area but 
with the groove lines running parallel to one edge o f the coverslip. A reduced grating area, required 
for som e applications, may be defined on the m ask using photolithography follow ed by either 
etching or lift-off. U nm asked regions of the grating can be rem oved using gold etch follow ed by 
HC1 to rem ove the nichrom e. O nce the pattern has been defined, and the photoresist rem oved, the 
m etallised surface is encapsulated in a thin layer o f polyim ide (8 %: 0.4 pm ), figure 5.11. This 
protects the pattern from the acid etch.
Glass etching.
The x-ray m ask is cem ented to the m em brane mask holder. The m ask holders are m achined from 
phosphorous bronze m etal and have a 15 mm internal diam eter (Figure 5.10., 5.11.). The top 
surface o f the support ring consists o f two 1 mm thick concentric circular ridges m echanically 
polished, and separated by a 1 mm wide groove 1 mm deep. A rubber based adhesive (Evostik) is 
applied to the outer ridge as a cem ent and the polyimide-coated face o f the x-ray mask is contacted
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Figure 5.10. D etails o f the m ask holder and support sleeve. All dim ensions are in mm.
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1.0 (im polyim ide m em brane 60 nm gold / palladium metal
0.2 jam gold absorber layer 0.3 p.m polyim ide protective layer
evostick adhesive 
on outer ringsilver dag 
conducting paint
m em brane mask
mask pattern mask holderinner supporting 
ring
F igure 5.11. Diagram o f m ask holder w ith Finished polyim ide m em brane mask 
cem ented to it. The insert shows details o f the mask layers.
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to it. The adhesive is left to dry overnight.
The glass substrate is dissolved away in conc. hydrofluoric acid (40 - 50 %). HF will attack the 
adhesive that bonds the polyim ide to the m ask holder. Before etching, the exposed edges of the 
coverslip  and the jo in t betw een the coverslip and the m ask holder are sealed with low melting 
point m edical wax. The wax is applied sparingly, using one leg o f a pair o f metal tw eezers. If too 
m uch wax is applied, it tends to pull away from the m etal exposing the glue. O nce the mask 
holder is sealed it is screwed into the stainless steel support sleeve, figure 5.10. M ask holder and 
support sleeve are then inverted and loaded into a PVC holder. This supports the support sleeve so 
that the exposed glass touches the surface of the acid.
A large PVC beaker is filled to a depth o f 1 cm with the acid and the holder positioned in it. At 
this stage a few drops o f w ater may be added in the well form ed by the m ask holder and the 
polyim ide layer. The water helps to quench any acid that m ight penetrate through a pin hole in the 
film . A fter 10 to 15 m inutes, the glass dissolves away and the polyim ide layer appears to be 
wrinkled. M oving the PVC holder carefully, the polyim ide can be seen to m ove with the surface of 
the liquid. The m ask holder is carefully rem oved from the acid and the whole assem bly im m ersed 
in de-ionised water. The polyim ide film is held vertically in the w ater to avoid  rupture. A fter 
rinsing, the mask holder and support sleeve are covered to protect the m em brane and left to dry. As 
the film dries, the wrinkles disappear and the film appears clear and smooth.
The m ask set is left to dry overnight. The wax may now be carefully rem oved from the sides of 
the m ask holder. A scalpel blade is used to rem ove the wax and to trim  the polyim ide film. The 
m ask is now exam ined using an optical m icroscope to check the condition o f the adhesive and to 
see if  there is any water trapped below the film in the circular groove.
The m em brane m ust be m ade conducting if it is to be electrostatically  chucked into intim ate 
contact with a sample. This is done by evaporating a thin m etal layer. The m ask set is loaded into 
an evaporator with the unpattem ed face above the evaporation sources. A 60 nm thick film of Au / 
Pd alloy is evaporated onto the m em brane to form the chucking layer. This layer is thick enough 
to produce an even coverage o f m etal and thin enough to have good optical transparency. If  there 
are any weaknesses in the polyim ide ,the m ask set will fail when it is subjected to the vacuum.
page 138
The electrical contact between the Au /  Pd coated polyim ide surface and the mask holder is made 
by painting the sides of the mask holder and the edge top surface of the polyim ide with conductive 
silver dag paint. The x-ray mask is left to dry overnight after which it can then be used.
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5.3. Contact printer design.
Figure 5.1. is a schem atic o f the contact printer, showing the vacuum  system  and the electrical 
connections. The cham ber consists o f two main sections; a lower section housing the e-gun and an 
upper section in which the sam ple holder is inverted and supported directly over the gun. The 
cham ber walls are m ade from  stainless steel, except for the alum inium  bell jar. This has an 
observation window in the top to assist w ith focussing the e-gun. The steel sections are bolted 
together and sealed w ith viton 'o' ring gaskets; the sm aller pipe pieces are sealed with copper 
gaskets.
The ion pum p and sorption pum ps can be isolated firm  the gun cham ber by gate valves to allow 
the cham ber to be opened and roughed out. As far as possible the sorption and ion pum ps should 
not be let up to atm ospheric pressure.
T he main vacuum  pum p is the titanium diode ion pum p Varian m odel 911 (60 litres s 1). The 
main advantage o f this pum p is its cleanliness.; there is little organic contam ination in the system 
as a result.
The pow er supply is a standard VG electron beam  evaporator pow er unit supplying up to 10 kV 
across the gun at electron currents up to 200 mA.
The e-gun itself is m ounted in the low er chamber. During operation o f the gun, the cham ber is 
pum ped by both the ion pum p and a sorption pum p m ounted underneath the cham ber. A fter 
sw itching on the gun, the cham ber pressure rises to ~ 5 x 10 5 m bar due to out-gassing from the 
filam ent and the gun. The pressure falls to 10 6 m bar again after half an hour and rem ains stable 
thereafter.
The e-gun is based on a VG EG-2 design (figure 5.3.) The anode is a 1 cm diam eter stainless 
steel tube with a copper cap 1 mm thick brazed onto the tube with silver solder. The anode is water 
cooled; a 7 mm diam eter tube is inserted inside the anode tube so that there is a
2 mm gap ju s t below  the copper cap. Cooling w ater is adm itted via the inner tube and drained 
dow n the inside o f the anode. The flow  rate should exceed 2.3 litres /m in  [VG operating 
instructions].
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The gun assem bly is in two parts; a lower stainless steel piece that rests against the anode shaft 
on a m etal plate that can be raised or lowered to provide the gun focusing, and an upper piece, 
separated from the anode, and supported from the lower piece by three ceramic rods 2 cm long.
The gun focusing control is a m icrom eter drive m ounted underneath the gun cham ber. The whole 
gun assem bly can be m oved relative to the anode by 2 cm.
The pow er supply provides three HT connections (and an earth to the contact printer case). Two 
leads are the filam ent supply. The third lead goes to the gun shield.
The electrons are em itted from a circular filam ent concentric with the anode and separated from it 
in the d irect line o f sight by the cylindrical anode shield. The two HT leads are biased at a large 
negative voltage - V, (up to - 10 KV) but one lead is 6 V higher than the other. The resulting 
current heats the filam ent, producing the electrons. The filam ent is insulated from the rest o f the 
gun assem bly by ceram ic spacers. The electron trajectories are fixed by the geom etry o f the metal 
cage and the anode shield. From figure 5.3., the electrons have an approxim ately circular trajectory 
in the vertical plane through the gun centre. The cage is also held at -V, connected to the pow er 
supply via the third HT lead. Raising or low ering the gun assem bly w ith respect to the anode 
alters the size o f the circular region on the target where the electrons collide. This circular spot can 
be seen through the observation window as a bright spot on the anode surface. The focus cannot be 
exactly determ ined within more than a m illim eter in diam eter by this m ethod. A m easurem ent o f 
the m elted spot on the anode indicates a spot diam eter o f ju s t under 2 mm. T he gun is focused 
when the anode surface is 6 mm below the top surface o f the cage.W hen an adequate focus has been 
obtained, the lower part o f the gun assembly may be clam ped to the anode tube.
Secondary electrons and x-rays em itted from the anode pass through a 5 mm diam eter hole in the 
cage above the anode. These secondary electrons w ill happily expose PM M A  resist in about 5 
m inutes and m ust be rem oved from the x-ray beam. A *Z' shaped copper electrode 4.2 cm high is 
m ounted on top o f the gun cage to act as an electron deflector. The top piece, 2 cm long lies, 
exactly over the gun cage up to the edge o f  the 5 mm hole in the cage top. The electrons are 
deflected by the electrode potential, also - V, towards the cham ber walls.
Care m ust be taken in assem bling the gun to avoid contam ination which can cause short circuits 
and to keep the HT leads separate inside the chamber. The copper braids which form these leads are
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m ounted from the side of the cham ber instead of the bottom and kept as short as possible.
The sample holder.
The sam ple holder consists o f a circular stainless steel base plate, 89 mm in diam eter, with a 
hollow  raised cylindrical section at the centre 4 mm above the surface o f the base on which is 
m ounted the electrode plate insulated from it by a 2 mm PTFE spacer, figure 5.2. The electrode 
p la te  is spring loaded to the back o f the PTFE spacer. This arrangem ent is designed  to 
accom modate any differential thermal expansion in the electrode.
The electrode is 1 cm in diam eter and com pletely covers the PTFE insulator. This design allows 
the sam ple and the m ask to be brought into in tim ate contact by electrostatic  chucking. In 
operation, the electrode plate is held at 50 V and the base plate is earthed.
Sam ple m ounting.
The sam ple is attached to the electrode plate using conductive 'silver dag' paint. The x-ray m ask 
holder is carefully  screwed into the support sleeve so that the thread is only ju s t started. The 
assem bly is then placed on the base plate over the electrode plate and sample, resting on an annular 
PTFE  shim . The shim acts as a lubricant and prevents any bonding betw een the base p late and 
support sleeve. The support sleeve overlaps the shim , so that there is a 1 mm gap betw een the 
m etal surfaces. The support sleeve is m arked along the edge in fortieths o f a revolution. The 
m em brane height can be adjusted by 16 |im  increm ents sim ply by ro tating  the m ask holder 
through one division inside the support sleeve. If  the sam ple and m em brane are nearly in contact, 
the m ask assem bly should be rem oved from the base p late to p revent tearing. The m ask and 
sam ple are registered by observing the sample through the gold - palladium  chucking layer on 
the membrane.
O nce registration and the height o f the m em brane is adequate, the m ask assem bly is attached to 
the base plate using the screw clamps. The electric field is applied and the m ask conform s to the 
sam ple. The m em brane is not significantly stretched in this process, as the edges o f the sam ple 
were already making contact before the field was applied. Any residual air bubbles trapped between 
the sam ple and the m em brane can be smoothed away using a cotton bud. G reat care m ust be taken 
not to com e near the edges o f the sample with the bud o r the m em brane tears.
T he electrostatic chucking is very efficient. The sam ple and m em brane rem ain  in intim ate
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contact throughout the exposure. To rem ove the mask after exposure, the electrode plate is earthed, 
and then the m em brane is rem oved. G reat care is needed at this stage to lift o ff the m ask holder 
vertically and avoid rupture. Two pairs o f broad bladed tweezers on either side of the holder are used 
to support it. The sample is rem oved using a scalpel blade.
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5.4. Contact printing.
As described in section 5.1., a positive-tone e-beam  resist, PM M A ,w as used in these x-ray 
experim ents. The resist developm ent param eters were estim ated from data obtained from high 
resolution e-beam patterning experiments done in this department.
Since the patterns were going to be high resolution (= 100 nm linewidth), w ork was begun with 
the two layer resist system used in e-beam lithography8. The substrate was spun with 4 % BDH 
PM M A  solution (low m olecular w eight = 140 000) to form a layer 0.07 p.m thick and baked at 
180°C for one hour. N ext a 4 % Elvacite PM M A  solution (high m olecular w eight = 450 000) was 
spun on top o f the BDH layer and baked at the sam e tem perature over night. The total resist 
thickness is = 0.2 jam.
These resist solutions were made up by dissolving PM M A pow der in 'o' xylene. Percentages are 
calculated by weight. The thicknesses were determ ined by talystep to within 5 %.
The advantage o f this bilayer resist system is that an undercut profile results after exposure and 
developm ent by e-beam. This profile allows the lift-off o f very fine lines.
A ll developm ent work was done using a m ixture o f M ethyl isobutyl ketone (M IBK) and Iso 
propyl alcohol (IPA). For high resolution e-beam patterning, a 1:3 M IBK : IPA solution is used. 
C onsistent results are obtained by fixing the developer tem perature; for exam ple at 23 °C. Some 
data on developm ent rates for different exposures and developer strengths is given in figure 5.12.
PM M A  is a positive e-beam  resist. E lectron exposure breaks the polym er chains into lower 
m olecular w eight fragm ents.. The developer preferentially dissolves the shorter polym er chains; 
hence the low er m olecular w eight m aterial is m ore rapidly dissolved. Increasing the developer 
strength i.e. increasing the ratio o f M IBK  : IPA , decreases its selectivity; longer polym er chains 
are rem oved, so that a weaker developer has a higher resolution [Thoms 1989].
F igure 5.12. (b.) is taken from  [Beaum ont 1982] plotting the developed depth o f a 0.3 |im  
E lvacite PM M A  layer against developm ent time. The m ask had a contrast ratio  o f 2:1 and the 
resist was exposed with C K ^  x-rays (225 W  e-gun power, 4 hours exposure tim e, D = 4.5 cm).
8See for exam ple [Beaumont 1981]
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Figure 5.12. (a). Characterisation o f PM M A: Dissolution rate versus exposure for PM M A 
developed in M IBK  and IPA mixtures. A t exposures above 0.1 MJ /  cc 
cross-linking begins to dom inate and the resist is less soluble than the unexposed. 
Graph taken from [Spiller 1977]
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Figure 5.12. (b). Characterisation o f PM M A: Data from  [Beaum ont 1981] plotting developed 
depth against developm ent time in 3:1 IPA  : M IBK  developer. The m ask had a 
contrast ratio o f 2:1.
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The unm asked PM M A is com pletely developed in under 30 seconds, giving a developm ent rate of 
14 nm s The m asked resis t has a m uch slow er developm ent rate  (0.68 nm s 1). In these 
experim ents the m ask contrast w as 10:1. The m asked portions o f  the resis t are effectively  
unexposed.
Initial experim ents w ith this b ilayer resis t system  w ere unsuccessful, m ainly because the 
exposure tim es were too short and the electrostatic chucking system was not working efficiently. 
The masks tended to fail after or during exposure due to inexperienced handling.
The resist system was changed to a single BD H  PM M A  layer in the hope that evidence of 
exposure w ould be m ore obvious. An 8 % solution in 'o’ xylene was spun a t 5000 rpm to form a 
layer 0.2 fim thick on silicon substrates.
F igure 5.13. is an SEM  m icrograph o f the first PM M A  grating that was successfully reproduced 
from a 356.2 nm period gold grating m ask on to.a 5 mm x 5 mm Si chip. It was exposed to Cu 
radiation through a second 1 pm  thick polyim ide m em brane acting as a heat shield for two 
hours. This m em brane rested on the aluminium holder in between the m ask and the gun.
The e-gun was run at 6 kV and 50 mA electron current. The m ask perished after rem oval from 
the sample. The sample itself was developed in 1:3 developer for 75 s at 23°C. The grating pattern 
could be seen as a very faint modulation on the surface.
This resu lt was im proved on by increasing the exposure tim e to to 6 hours. N o heat shield 
m em brane was used. F igures 5.14., 5.15., are SEM  m icrographs showing the developed PM M A  
gratings that resulted. D evelopm ent was in 1:3 developer for 30 s a t 23°C. These sam ples were 
exposed on silicon; the grating (285 nm period) covering the w hole area (5 mm x 5 m m ). This 
structure was also successfully  reproduced on pieces o f  glass m icroscope slide. The slight 
distortions are due to scratches on the original mask. The glass m icroscope slides had to be coated 
w ith a conductive metal layer (evaporated Ti), before spinning on the resist, so that electrostatic 
chucking would work. The sides of the sample were carefully painted using silver dag to m ake the 
electrical connection between the metal coated layer and the sample electrode.
The same polyim ide membrane m ask was used to replicate patterns on 3 chips; two plain
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Figure 5.13.
Figure 5.14.
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PM M A relief grating on silicon. The sam ple was exposed for 2 hours to Cu 
(1.33 nm) radiation. The e-gun pow er was 300 W. The PM M A  was developed 
in 3:1 IPA /  M IBK developer at 23°C for 75 seconds. The 8 % BD H  resist was 
spun to form a 0.2 pm  thick film. The m ask was a 356 nm period gold grating, 
supported on a 1 pm  thick polyim ide membrane.
PM M A grating on Ti coated-glass. The sam ple was exposed for 6 hours to Cu 
(1.33 nm) radiation. The e-gun pow er was 300 W . The PM M A  was developed 
in 3:1 IPA /  M IBK developer a t 23°C for 30 seconds. The 8 % BD H  resist was 
spun to form a 0.2 pm  thick film. The m ask was a 285 nm period gold grating, 
supported on a 1 pm  thick polyim ide m em brane and encapsulated w ith a 0.3 pm 
polyim ide layer.
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Figure 5.15. PM M A grating as in figure 5.14. The dam age is shown to indicate the profile 
o f the developed resist lines.
F igure 5.16.
3 5 0 0 0 4  30KV X22. 0K 1 . 36um
PM M A dot structures on Ti-coated glass. Two grating patterns (such as figure 5.14.) 
were exposed orthogonally to one another. Each exposure was 6 hours long. The 
developm ent time was 15 seconds. All other param eters were the sam e as those 
in figures 5.14., 5.15. The dot array is uniform over a 5 x 5 mm area. The grating 
period was 285 nm and the dot width is -  100 nm.
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Figure 5.17. Gold grating x-ray mask. The picture shows the edge o f a 500 p.m wide region, 
5 mm The grating period is 285 nm and the lines are 130 nm w ide (± 10 nm).
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grating sam ples and one double exposure with the gratings crossed a t 90° to one another, figure 
5.16.
This m ask set had been dam aged before use due to careless handling. An undam aged mask could 
certainly have been used further, however the repeatability o f the system has been demonstrated.
Further experim ents now need to be perform ed to determ ine any distortions induced by the 
printing process itself and in the mask making process (see the conclusion, Chapter 6).
The m ask structure certainly appears to be stable, any differential therm al drift w ould have 
resulted  in d istortions in the dot structures o f figure 5.16. Polyim ide is a therm ally resistant 
m aterial, but any heating effects, due to radiation from the source, are m inim ised because the 
m em brane is locked in intim ate contact with a substrate that acts as a heat sink.
T his technique produces very uniform structures, w ith vertical sidew alls over very large areas. 
The edge quality o f the dots is very good over the 5 mm x 5 mm sam ple area. The w alls are 
vertical and sm ooth. These structures are 0.2 nm high and o f 90 nm side. These structures will 
shortly be utilised to make lateral surface superlattice devices.
Com paring the m ark space ratio o f the developed grating with that o f the original mask, figure 
5.17., it is evident that there is little significant shrinkage o f the resist lines (< 5 %).
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Chapter 6. Conclusions and Further Work.
Chapter Layout.
6.1. Summary.
6 .2 . General conclusions and outlines for further work.
6.1. Summary
The w ork presented in th is thesis covers a w ide spectrum  o f topics concerned w ith the 
developm ent o f  a lithographic system  to p rin t sub-m icron gratings. Such structu res are 
incorporated in integrated optical devices such as 1 st order Distributed Feedback (DFB) InGaAsP /  
InP sem iconductor lasers and w aveguide filters. The gratings w ere defined by holographic 
lithography and reproduced by x-ray contact printing.
H olographic lithography can be used to produce large area subm icron gratings bu t its success 
depends upon the reflectivity of the substrate and the processing o f the resist. X-ray lithography is 
conceptually  a m uch sim pler technology and has the advantage resist exposure is relatively 
insensitive to the substrate. The technique m ay provide a sim ple reliable route to high resolution 
(<100 nm linewidth) pattern replication with a potentially high throughput.
A two m irror symm etric interferometer arrangem ent was used to define the gratings. Collim ating 
lenses w ere not used. A theoretical analysis o f gaussian beam interference was used to predict the 
size o f variations in period from the plane wave case.
Holographic gratings with periods down to 187 nm were exposed in AZ 1350 J photoresist with 
the UV lines o f an argon ion laser.
Conventional thin resist holography was used to define thin resist (0.15 |im  AZ 1350 J) patterns 
which were reactive ion etched (RIE) into GaAs wafers (360 nm period) using a CH^: H^ plasma.
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Thick resist holographic and RIE techniques were developed to produce thick metal absorber 
patterns (0.3 pm  high), lines and metal dot arrays, suitable for a high contrast (10:1) mask for 
x-ray contact printing. The metal dot arrays were produced by double holographic exposure o f resist 
follow ed by angled metal evaporation (shadow ing) along the lattice planes, RIE and lift-off 
processes.
The use o f the m etal patterns as m asks for subsequent etching or diffusion (ion exchange in 
glass) into the underlying material was demonstrated.
The use o f a spin - on anti reflection coating (ARC) under the resist was shown to elim inate 
coherent reflection effects inside the resist during holographic exposure.
Polyim ide in solution was spun on to m icroscope coverslips and cured to form an x-ray mask 
substrate. Polyim ide m em brane masks are cheap to produce and can be conform ed into intim ate 
contact w ith the sam ple to be printed. A fter definition o f the gold absorber pattern, a 0.3 pm  
polyim ide layer is spun over the m etal to protect it during the subsequent etching step and to 
p rov ide ex tra  strength . A fter attachm ent to m etal rings the glass w as d isso lved  aw ay in 
hydrofluoric acid to produce free standing polyim ide m em branes 1.3 pm  thick, 15 mm in diameter. 
T he m em branes are coated w ith a 60 nm layer o f go ld-palladium  alloy, w hich is optically  
transparent, to form a conductive layer and to allow registration.
A soft x-ray contact printing system was designed and built to transfer the m ask patterns into 
0.2 pm  thick PM M A  (BDH) resist layers with copper radiation [1.33 nm]. The x-ray source is 
an electron bom bardm ent type; based on a VG - EG 2 electron evaporator gun. The anode is a 
copper hearth. A sam ple stage was designed to allow  sim ple registration betw een sam ple and 
m ask. Intim ate contact betw een m ask and sam ple which is necessary for high contrast pattern 
replication at 100 nm linewidths was achieved by an electrostatic hold-down mechanism.
285 nm period gold grating patterns were transferred into vertical w alled resist patterns after 6 
hour exposures at 300 W  e-gun pow er with negligible resist shrinkage after developm ent. The 
resist was developed in 1:3 m ixture M IBK : IPA at 23°C for 30 seconds. G ratings w ere replicated 
on Si and T i-coated glass substrates. The contact printing process is insensitive to the substrate 
m aterial.
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A two dim ensional array of square PM M A dots o f sub -100 nm side and 285 nm period, was 
produced on a chip (5 mm x 5 mm area) by a double x-ray exposure of a gold grating on a 
polyim ide membrane.
The polyim ide masks can be reused (at least five tim es in these experim ents). Further studies of 
distortions in the m ask and PM M A resist response to x-ray exposure rem ain to be done.
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6.2. General conclusions and outlines for further work.
6.2.1. H olographic Lithography.
H olographic lithography is the only technique currently available for accurately defining sub-
2
m icron gratings over large areas (several cm ). The necessary equipm ent is much cheaper than the 
investm ent required for an e-beam system which is the other method o f writing submicron features. 
A lthough the length of grating that can be w ritten by e-beam  lithography is approaching the 
millim eter range, large area gratings require an unacceptably long writing time.
The standard holographic system is quite simple in terms of the num ber o f com ponents and cost; 
m ost items are available com mercially and only the sample holder needs to be carefully designed. 
The configuration used in these experim ents em ployed a beam splitter, two m irrors, two spatial 
filter units and a sam ple holder. A lthough a clean environm ent during sam ple exposure is not 
necessary, clean room facilities are essential for resist film preparation.
The success o f the technique is dependent on several factors including the skill o f the operator in 
setting the optics, the resist processing, the presence o f vibration which increase the cost o f the 
method for industrial production.
An advantage o f holographic resist exposure is that its results can be rapidly assessed. In the 
system  used in this work, developm ent and grating inspection w ere done in the sam e area as 
exposure, enabling a rapid readjustment o f parameters.
The holographic technique is very good at defining uniform  gratings bu t cannot easily  be 
adjusted to produce com plex periodic structures such as a X /  4 phase jum p, which is required for 
som e DFB laser applications, or gratings with chirps or curved lines. These structures have been 
m ade holographically; for exam ple the phase jum p was made by sim ultaneously exposing positive 
and negative resists [Utaka 1984], but the accuracy with which the phase jum p was located was 
only to within 1 pm  and the resist preparation was very com plex. Such devices are better produced 
individually by e-beam  lithography, see for exam ple [Sekartedjo 1984]. Since com plex grating 
structures were not the aim of this project the conventional holographic scheme was adopted.
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Substrate reflectivity and its lim itations fo r  lift-off.
The effect o f substrate reflectivity on the exposure and developm ent o f gratings is the greatest 
disadvantage o f holographic lithography. In this work, following earlier work in this departm ent, a 
prism , whose rear faces have been painted black to absorb reflections, was optically contacted to 
the back surface of a sample with m atching oil. This m ethod elim inates reflection problem s in 
transparent substrates at low angles o f incidence when the beam s do not overlap the edges of the 
sam ple. A t higher angles o f incidence irregularities in the developed grating can be rem oved by 
m asking the edges o f a transparent sample; light can otherw ise couple through the sides o f a small 
sample.
The elim ination o f reflections on sem iconductor substrates is a more difficult problem , gratings 
for DFB lasers or w aveguide filters are defined on reflective III-V  sem iconductor substrates. 
P reviously the gratings have been exposed in thin photoresist layers, w hose depth was half the 
standing w ave period (150 nm). These structures on their own are not suitable for the lift-off of 
thick metal layers, because they are usually not cut down to the substrate and they are extrem ely 
thin, but they can be ion beam milled or reactive ion etched into the surface (Chapter 4.).
Thick resist holography and O^ R IE .
These problem s were solved using the thick resist holography technique (Chapter 3.) Instead of 
trying to  open a resist grating down to the substrate directly, the grating is defined at the surface of 
a thick resist layer (0.7 pm  deep). The grating lines are opened down to the substrate by an oxygen 
plasm a reactive ion etching process through a mask defining the grating which is produced by an 
angled evaporation o f nichrome metal (shadowing).
Thick resist holography may be used in any thickness o f resist on transparent substrates and in 
layers corresponding to (n + 0.5) P  on sem iconductor substrates (where n is an integer and P is the 
standing w ave period). The etched grating has very high aspect ratio (7:1) lines 100 nm wide with 
vertical side walls enabling the lift-off o f very thick metal layers (up to 0.3 |im  in this work).
A part from the increased metal thicknesses that can be lifted off, the thick resist technique has 
one other very im portant advantage: it allows an increase in processing latitude; it does not matter 
w hether the resist under the developed grating is 0.68 pm or 0.62 pm thick if  a 0.2 pm m etal 
layer is to be lifted o ff from it.
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The mark space ratio o f the final grating can be determ ined by varying the shadowing angle to 
define the nichrom c mask. A quantity F, the unm asked fraction o f a grating period, and its effect 
on the etched grating have been studied as a function o f shadowing angle for various grating 
profiles (Chapter 4 and Appendix 1.).
The addition o f the shadowing and dry etching steps help to reduce dem ands on the developm ent 
process. These demands are quite severe if thin resist layers are to be patterned; slight differences in 
exposure may make the difference between well developed resist lines cut to the substrate and lines 
that lift-off. Dum as [1985] m ade a study of thin resist exposure and developm ent on grating 
profile, both on semiconductors and dielectric layers on semiconductors. The thick resist technique 
is much m ore forgiving.
The use o f a com mercially available spin on anti-reflection coating (ARC) in the form o f a dyed 
polyim ide has been used to im prove the results o f the thick resist holography technique further. 
The use o f  the ARC effectively elim inates the standing w ave effect, dram atically increasing the 
process latitude for exposure on sem iconductor substrates. The ARC is spun on and cured prior to 
resist application; for thin resist layers, it is developed away along w ith the exposed resist, for 
thick layers, it may be reactive ion etched at the same time as the resist in the oxygen plasm a. The 
ARC has a sim ilar grain size (~ 30 nm ) to the resist and is hence com patib le w ith resist 
processing to that resolution.
The rem oval o f  the unetched ARC is a potential problem  which needs m ore investigation. In 
this w ork lift-off o f the resist structures has been a two stage process; agitation in acetone to 
rem ove the resist and im m ersion in boiling acetophenone to dissolve the ARC. Even after this 
treatm ent there are som etim es traces o f residue. M ethods o f ARC rem oval need to be studied 
further.
A part from  their application to x-ray masks, the high aspect ratio resist structures can be used 
them selves as a m ask for further etching processes. The metal patterns can be used as m asks for 
ion exchange techniques and ion beam  m illing to fabricate gratings on glass w aveguides. In 
C hapter 4 the use o f the resist structure to etch a quartz substrate has been described. The quartz 
substrates have been successfully used in studies o f cell guidance along corrugated surfaces carried 
out in this departm ent by Clark [1989].
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The symmetric two m irror configuration.
The interferom etric configuration used in this work followed that already used by Dumas [1985]
in previous w ork done in this departm ent. The beam s in the interferom eter undergo a lateral
inversion, thus com pounding phase errors on the original unsplit beam . Placing the spatial filters
2
after the final m irrors minimises the problem at least for small area (~1 - 2 cm ) gratings.
An im portant fact that has em erged form the theoretical analysis o f grating fringe position in 
Chapter 2 is that the current arrangement produces an unacceptable period variation and phase shift 
over the whole grating area. This period variation is due to the difference in the radii o f curvature of 
the two beam s at the exposure plane. Previous work [Dumas 1985] had suggested that collimating 
lenses after the spatial filters would be unnecessary as long as the spatial filter - sam ple distances 
w ere large com pared with the filter’s objective lens's focal length (25 cm com pared w ith 1.6 cm in 
this work). This assumption was invalidated only after the present work was com pleted. However, 
the effect is small for short length grating devices (Chapter 2) and irrelevant for the dem onstration 
o f the x-ray mask fabrication and contact printing. In further work collim ating lenses w ill need to 
be incorporated to make higher quality gratings and larger area patterns (several cms in diameter).
Grating period.
The production o f uniform  gratings at m uch higher incidence angles has been successfully  
achieved. P reviously, periods of sub-200 nm have been fabricated optically  using front prism  
techniques or achrom atic holographic lithography [Anderson 1988a.]. A grating o f period 187 nm 
was achieved by directly exposing resist at 70° incidence with 351.1 nm radiation: a much higher 
angle o f incidence than was thought possible (50°). The use o f an ARC coating under the resist 
should sim plify this type o f exposure further by reducing reflection problem s a t these incidence 
angles.
To fabricate first order DFB devices in GaAs /  AlGaAs, sm aller grating periods are required (110 
nm - 120 nm ). The production o f  such fine structures is very d ifficult since com plex optical 
systems are required and their dimensions are approaching the resolution limits o f the resist (30 nm 
for photoresists). The sim plest m ethod to reach such dim ensions is the front prism technique. Its 
success depends on the optical uniform ity o f the prism glass, and the control o f the gap between 
the prism  and resist surface which determ ines the degree o f evanescent coupling into the resist. A 
lanthanum  crow n glass prism (LAC A691547 (Pilkington), figures 6.1., 6.2.) has been m ade for 
front prism  experim ents (30° half angle). This material has a high transm ission in the UV (> 80°
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Figure 6.1. Refractive index and transm ission for a 10 mm thickness o f LAC A691547 
Lanthanum  Crown glass.
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<F igure 6.2.
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Front prism technique. Lanthanum  crown glass prism  (LAC A691547), 30° 
half angle. The figure shows the grating period against external angle of incidence 
(both positive and negative values) for the two argon laser exposure wavelengths.
The prism index is 1.705, 1.726 at 457.9 nm , 351.1 nm respectively.
page 159
for 10 mm) and a high refractive index: n = 1.705 (457.9 nm ), n = 1.725 (351.1 nm). A high 
refractive index matching oil (n = 1.7) and ARC coated samples will be used try and m ake 110 nm 
period gratings (figure 6.2.) The effort involved is justified if the gratings can be used to m ake x- 
ray masks.
The achrom atic holographic schem e incorporates two gratings arranged parallel and closely 
spaced as the beam  splitting and reflective elem ents. The splitter and recom bining gratings have 
the same period. First order diffracted radiation from the splitter grating is further diffracted by the 
recom biner grating. Zero order radiation is blocked. The second order beams overlap and have twice 
the spatial frequency o f the parent gratings, independent o f the exposure w avelength (as long as it 
is sm aller than the period so that d iffraction is possible). 125 nm period gratings have been 
produced in this way from two 250 nm gratings etched into fused silica. The source was a short 
coherence length ArF excim er laser operating at 193 nm. The grating was recorded in PM M A  
resist w hich has a higher resolution than photoresist but is only sensitive to radiation below  200 
nm wavelength. The determ ining factors o f this system is the optical quality o f the silica flats used 
to m ake the parent gratings, their registration to one another and the optical quality o f the original 
holographic gratings used to define them. These original gratings obviously  have to be large 
(several cm ) to produce a reasonable area o f  the fine period grating .(several m m ), since the 
diffraction angles are large.
If  the front prism technique does not prove successful achrom atic holography may provide an 
answer, if  technologically difficult. Larger m ore uniform gratings w ould be required than are used 
a t the m om ent to generate the parent masks. This m eans the redesign o f the sam ple stage and 
probably the incorporation o f a feedback m echanism to reduce vibration problem s em phasised by 
longer exposure tim es ( up to 30 minutes).
A m ore sophisticated measure o f grating uniform ity is needed; such a system could also be used 
to m onitor distortions in the x-ray m asks. A possib le in terferom etric technique could  be the 
follow ing [Flanders 1978c]: the finished grating or x-ray m ask pattern is reinstalled at the exposure 
site o f the interferom eter and interference between the transm itted and diffracted beams is analysed. 
W avefront uniform ity could be exam ined using a shearing in terferom eter arrangem ent [Yi-Yan 
1978].
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6.2.2. X -ray contact printing.
A low cost x-ray contact printing system has been constructed around a com m ercially available 
electron bom bardm ent x-ray source. An x-ray mask technology based on polyim ide m em branes has 
also been developed. A sample holder has been designed to accom m odate 5 mm x 5 mm chips and 
the m em brane mask in intimate contact using an electrostatic chucking mechanism.
This system has been used successfully to replicate 285 nm period structures (gratings and dots)
in 0.2 fim layers o f BDH PM M A resist. Although exposure tim es are long (6 hrs) because the
-5 -2pow er transferred from the water cooled copper target ( -1 0  W  cm at the resist surface) is small 
com pared with the pow er dissipated in the target by the electron beam  (300 W ), the system appears 
stable over the long exposure tim es with negligible pattern distortion. Since x-ray contact printing 
is a parallel process these exposure times are acceptable com pared with the time needed to pattern 
the 0.3 billion resist dots produced over a 5 mm side chip by e-beam techniques.
M uch w ork rem ains to be done to characterise the present system: for exam ple a study of resist 
response needs to be done. The exposure time o f 6 hrs was a good estim ate at the pow er level used 
in these experiments and shorter exposures (2 hrs) were unsuccessful. The well discussed 
insensitivity to resist exposure and developm ent parameters o f x-ray lithography (above a critical 
dose) has yet to be examined here. Current resist response is estimated from data derived from 
e-beam work carried out in the department.
O ther resist schem es could also be tried; at the tim e o f writing the availability o f some
_2
experim ental novolak based resist m aterial [Dbssel 1986] which has a sensitivity o f 50 m j cm
.2
(com pared w ith 1000 mJ cm for PM M A) is being investigated.
Polyim ide membrane masks are quite rugged and can be reused several times. The induced 
distortion present in the m ask due to internal stresses and the presence o f the absorber are yet to be 
determ ined in detail. This is the most important task for the future: at present devices can be made 
to a sufficient accuracy but more information is needed - this is not a trivial task since there are 
whole groups o f people in the US (IBM) and in W est Germ any and Japan w orking on mask 
technology, its associated reliability and distortion characterisation.
M any im provem ents could be made to the present system; for exam ple the current design o f the 
sam ple holder only allows sam ples sm aller that the mask diam eter to be replicated. Simple
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modifications will be made to allow daughter masks to be replicated from the holographically 
defined m aster mask.
Smith [1989] is suggesting the use of am orphous SiN m em brane m asks 1 |im  thick as x-ray 
masks. The material can be made strong enough to hold a 1 atm osphere pressure differential across 
a 4 cm diam eter, 1 pm  thick. There should be little problem with degradation o f the material under 
irradiation since the power densities used in electron bom bardm ent systems is much low er by 
several orders o f magnitude than those used to expose resist rapidly (seconds) in synchrotrons, 
where this problem occurs. This material can be made in this departm ent and the possibilities are 
worth investigating.
A very recent discussion1 [Smith 1989] concerning the m echanism o f resist exposure has very 
im portant im plications for x-ray contact printing as described in this work. Sm ith's group at M IT 
have succeeded in replicating 30 nm lines in PM M A from a 30 nm w ide Au structure form ed by 
etching a silicon wafer to produce a vertical edge, spinning polyim ide solution, curing it and 
etching away the Si, and defining the Au absorber on the polyim ide m em brane by an angled metal 
evaporation. The resist structures were printed using C K ^, Cu L , and A1 radiation. These 
new results indicate that estimates on the lim itation o f resolution due to secondary electron range 
are very w ide o f the mark. The implications are obvious and exciting: the shorter wavelengths 
allow the use o f a gap o f several m icrons between mask and sam ple so that dam age to the m ask 
due to  intim ate contact should be eliminated and m ore sophisticated registration system s can be 
designed.
The copper x-ray thus represents the optim um wavelength for high resolution replication down 
to 30 nm linewidths (at least) com pared with <100 nm as was previously thought since good mask 
contrast can still be maintained at this wavelength.
The suggested m echanism [Smith 1989] is that in low Z materials, such as C based resists the 
excited atom s decay predominantly via the Auger effect which results in showers o f low energy 
electrons which have an estimated range of only 5 nm com pared to the photoelectron range in Cu 
o f 50 nm!
lrThe discussion was held after the this thesis was complete.
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Appendices.
1. Reflection coefficient from a conductor.
2. Changing the optics on the Argon Ion laser.
3. Calculation of F for a sinusoidal profile grating.
4. The X-ray contact printer: Operation procedure.
5. Application to a double ion exchanged Bragg waveguide filter.
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1. Reflection Coefficient from a Conductor.
At a dielectric conductor boundary, Snell's law becom es com plex because the conductor has a 
com plex refractive index, = n^ - j
The reflection coefficient (s polarisation), is:
r =
n cos# -  n  2 cos# 
n^ cos#1 + n  ^ cos # 2
( A l .l .)
and
n .  cos#„ = In  2 - n  2 s in 26 ,  = a  -  j)3
2 2 V  2 1 1 ( A l . l )
where 2 a 2 2 i 2 2 ■ 2 oa  = n 2 - k 2 - n l sin # 1 (A 1.3.a)
a .B  = n_ k^ 
^  2 2
(A1.3b)
solving for a  (there is only one positive solution):
2 _  1 
2
2 u 2 2 • 2/)n „  -  k „ - n ( sin # 2 2 1
/ 2 i 2 2 ■ 2Q , 2 A 2 ,  2( i 2 - k 2 - n  j sin e p  + 4 n 2 k 2
and
o 2  2  . 2  / 20  = n 2 k2 / « (A 1.4.)
finally we obtain:
r =
n cos# 1 — a  + j (3 
n cos# 1 + a  -  j P
r  =
, 2  2' P + (  n l cos# 1 -  a  )
1  2
P + (  n i cos# 1 + a  )
exp. j tan
i p  n  ^cos#
2 2a „  2 « 2n cos # j -  cc -  p
(A1.5.)
which is of the form
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r =  | r | exp { j0  } (A1.6.)
The com plex refractive index introduces a phase shift 0 betw een 0 and n  radians into the 
reflectivity.
In the case o f a pure dielectric which has n^ > n^, r  is real and negative im plying a phase 
change o f  k . The phase shift is zero when n^ < n^. Values o f 0 w ere calculated for 356.2 nm 
period gratings on different materials (Table A l.). The phase shifts determ ine the position of the 
nodes o f the standing wave pattern (Section 2.2.).
E xam ple: Reflection Coefficient o f  Silicon.
A t 457.9 nm Si has a refractive index of 4.575 - j 0.1305. To produce a 356.2 nm period grating 
at 457.9 nm exposure w avelength, 0^ (in the resist) is 22.9° and n^ is 1.665. If Si w ere a pure 
d ielectric, i.e. if  = 0, r  w ould be - 0.494, i.e. r = 0.49, 0 = n. Including the com plex part o f 
n r  = 0.494 e  ^ ^ n . The com plex index gives the sam e result for r  as in the dielectric case 
w ith a slight reduction in phase from n  because < n^.
T ab le  A l.
Reflection coefficients o f  some m aterials (n j = 1.665, 6 j = 22.9°)
M aterial X "2 k 2 a P
r 0 ( .K <
S ilico n 1 457.9 nm 4.575 0.131 4.530 0.132 0.494 0.98
Nickel 457.9 nm 1.638 2.702 1.624 2.725 0.428 0.74
Germanium 457.9 nm 4.077 2.235 4.037 2.257 0.315 0.89
Gallium Arsenide 457.9 nm 4.711 0.712 4.667 0.718 0.266 0.96
1 n and k values are interpolated from data presented in E. Palik (Ed.) 'Handbook o f Optical 
Constants o f Solids.' Academic Press, 1985.
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2. Changing the optics on the Argon Ion laser.
This section relates to the Spectraphysics model 165 argon ion laser used in these experiments.
There are three sets o f optics for the argon ion laser:
(i.) for broadband operation in the visible, (all eight lines),
(ii.) for discrete wavelength operation in the visible,
(iii.) for broadband operation in the ultra violet2.
D iscrete operation in the visible, (457.9 nm), is the m ost usual configuration used to m ake 
holographic gratings.
(1.) W avelength selection in the visible.
Front mirror: broadband output coupler (o/c)
R ear mirror: prism assembly.
To adjust the w avelength, rem ove the top covers. On the top o f the rear m irror assem bly there 
are tw o thum b-w heel controls m arked H O R IZ O N T A L  and V E R T IC A L , w hich change the 
orientation o f the rear mirror. In routine operation these controls are gently tuned to produce the 
m axim um  output pow er on a given line.
The vertical control is turned anticlockwise, looking towards the front o f the laser, to select the 
low er w avelength lines. This control selects any o f the nine lines which oscillate betw een 454.5 
nm and 514.5 nm. A t low tube pressures the blue lines, and the ultraviolet lines have m ore gain; 
for instance the 454.5 nm line, which is not quoted as available in the manual, may have as much 
as half the pow er of the 457.9 nm line.
The brightest line is 488.0 nm (1.3 W  cw). The ghost o f this line can be seen a t an adjacent 
position  to the m ain line on the thum b-w heel contro l. G reat care m ust be taken if scanning
2 The UV lines are dispersed outside the cavity in the horizontal plane by a Schlieren grade fused 
silica prism. [Spectraphysics Catalogue N um ber G 0044-000 'Brewster A ngle P rism ’ angles: 55 
30', 55 30', 69; faces: flat to 1 /  20] The line to be used is selected by an aperture (extra-cavity).
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through this line or observing the all lines, i.e. broadband output. The laser produces 4 W  on all 
lines and even observing the diffuse scattering of this beam  on a low reflectivity object can cause 
irreparable dam age to the eyes. Laser safety goggles should be worn at all tim es. If the bellows 
assem blies that shield the optical paths between the mirrors and the plasm a tube are rem oved, care 
m ust be taken to block a strong reflection from the top o f the plasm a tube at the rear Brew ster 
angle window. If adjustm ents are to be m ade to the rear m irror, the top o f the plasm a tube should 
be covered by a card to block this reflection.
(2.) Broadband operation in the visible.
Mirrors: broadband o/c, rear reflector.
The o/c has a radius o f curvature of 1.05 m and the rear reflector is planar .
The laser m ust be tuned to maximum pow er on all lines in the visible before changing to all 
lines operation in the UV where the gain is weak.
The prism  assembly is removed and replaced by the broadband rear reflector. Lasing w ill not be 
seen. R em ove the connecting bellow s assem blies and detune the coarse vertical thum b-w heel 
control at the side of the rear m irror assem bly; this is norm ally covered. The m irror is scanned 
vertically by rocking the rear m irror assembly back and forth while scanning the horizontal thum b­
w heel control clockw ise (from the position used with the prism ) until lasing is obtained. Retune 
the coarse vertical control until lasing is obtained in that direction also. The output can now be 
tuned using the top thumb-wheels.
(3.) Broadband operation in the UV.
UV o/c, UV reflector.
The laser cavity is 'walked' to optim ise the pow er output on all lines (visible) operation.
T he optical axis, which is defined by the orientation o f both cavity reflectors, is altered by 
adjusting the m irrors sequentially until it corresponds to the line o f m axim um  gain. This is done 
as follows:
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The horizontal and vertical controls on the o/c assem bly are reached by screw drivers through 
holes in the front panel o f the laser. The horizontal contro ls are altered  to w alk the beam  
horizontally and then after optim isation, the vertical controls are optim ised. To walk the beam in 
the horizontal direction, the front horizontal control is detuned slightly and then the rear control is 
retuned. If the new output pow er is larger than before, the process is continued until a maximum 
pow er is reached. If the power is less than it was before, the front horizontal control is detuned in 
the opposite sense until a maximum is reached. The same procedure is then applied to the vertical 
controls.
If  the cavity has been correctly optim ised, the replacem ent o f the visible broadband optics with 
the UV broadband optics should result in lasing in the UV. The output can be tuned as before 
using the thum b-wheel controls. The output beam  can be observed by placing a w hite flourescent 
card in the way o f the beam; the laser output is seen as a bright blue w hite spot 2 mm or so in 
diameter.
If  lasing is not seen, the mirrors may still be slightly detuned so a sim ilar procedure is used to 
scan the vertical and horizontal rear m irror controls as above.
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3. Calculation of F for a sinusoidal profile grating.
The grating profile can be described as
(A3.1.)
w here y is the perturbation am plitude on the flat resist layer o f thickness yQ. The other symbols 
have their usual meanings. The region between A and B o f figure A l. w ill be in the shadow of 
m etal atoms incident on the grating at angle 0. A t A the paths o f the incident atom s are tangential 
to the grating surface.
Com paring the gradient o f (A3.1.) with cot 0 we obtain an expression for x ^ :
and equation (A3.1.). Equation (A3.4.) is a transcendental equation for x . Solutions were found 
using a N ew ton - Raphson iteration.
F  is obtained from:
(A3.2.)
yA is obtained from (A3.1.) Hence the line AB can be written as
(A3.3.)
where the bracketed term is the y axis intercept.
The coordinates o f point B are determined from the solution of:
2 /r x fi
x fi cot# + (y -  x A cot# ) = y 1 cos — —
(A3.4.)
x
A
x B
F
(A3.5.)
Values o f F  for various angles of incidence are given in table A2. and figure 4.13.(b).
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Figure A l. Calculation o f F  for a sinusoidal grating: y = y ^ + y cos x
F  =
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The m ethod assum es that the evaporated layer is infinitely thin. In practice, m etal grows out 
over the shadowed part o f the grating to a depth approxim ately equal to the thickness o f the metal 
layer (~ 20 nm), thus decreasing F  slightly.
F  = 0 when the gradient o f AB equals the gradient o f the sinusoid at point C; xc  = 3 A /  4 . At 
C the rate of change of the gradient goes to zero. The minimum angle at which shadowing starts to 
occur is given by:
2 k  y
cot# . = ---- ------
mm A  (A3.6.)
D efining the aspect ratio as 4 y /  A; the ratio o f the peak to peak height over a half period,
equation (A3.6.) predicts 0 . = 17.7° for a 2:1 aspect ratio grating (y = A /  2).
mm 1
T able  A2.
Example: calculation o f  F fo r  a 2:1 aspect ratio grating (put A  = 1).
0°
XA yA
equation of AB
XB
F
20.0 0.83 0.24 y = 2.75 x - 2.04 0.58 0.25
30.0 0.91 0.42 y = 1.73 x - 1.16 0.42 0.49
40.0 0.94 0.46 y = 1.19 x - 0.66 0.34 0.60
50.0 0.96 0.48 y = 0.84 x - 0.33 0.28 0.68
60.0 0.97 0.49 y = 0.58 x - 0.07 0.23 0.74
70.0 0.98 0.49(6) y = 0.36 x + 0.14 0.18 0.80
80.0 0.99 0.49(9) y = 0.18 x + 0.32 0.13 0.86
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4. The X-ray contact printer: Operation procedure.
Sample Exchange.
The contact printer has an exposure chamber which is held under high vacuum (10~6 mbar) at all 
tim es except for specimen exchange. The cham ber houses electron gun x-ray source, the support 
structure for the sample holder and the electrical connections to the deflector electrode and the 
electrostatic chucking leads, figure 5.1. The sample holder is supported upside down over the 
source. The cham ber is pumped by an ion pum p, backed by a sorption pum p, and roughed out by a 
rotary pump. There is an observation window directly over the electron gun.
Before opening the exposure cham ber the ion and sorption pum ps m ust be isolated by closing 
the ion pum p gate valve, (this is closed when the lever is in its lowest position) and the sorption 
pum p isolation valve, underneath the chamber. The Penning gauge should be sw itched off.
Open the roughing line isolation valve. Switch o ff the rotary pum p and open the roughing 
valve. Open the air adm ittance valve; this lets air into the roughing line. Do not open the dry 
nitrogen inlet valve. Filling the cham ber with dry nitrogen causes an overpressure which can 
rupture the membrane mask. The valve seating is weak and prone to leaks.
L ift o ff the exposure cham ber lid at A A, taking care not to let the o-ring drop out. The sample 
holder rests on the aluminium spacer.
R em ove the sample holder from the chamber, taking care to avoid touching the screw contact to 
the sample electrode which protrudes from the bottom o f the sample holder. Do not disconnect the 
two PTFE coated wires from the sample holder. Handle the wires carefully as they can be easily 
pulled away from the vacuum feed-through.
The sam ple holder is carefully put down onto its annular support. The chip and m em brane mask 
can now be loaded. Once the sample and mask have been registered, the chucking voltage (50 V) is 
applied. The power supply for the chucking field is mounted on the e-gun supply cabinet and is 
joined to the contact printer via a coax cable. The membrane may not imm ediately deform under 
the field. It may be necessary to press the m ask gently onto the chip using a cotton bud.
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The sample holder is inverted and reloaded onto the heat shield ring, avoiding touching the 
protruding sample electrode; movement of this spring loaded electrode would rip the membrane 
mask. The exposure chamber lid is replaced, taking care not to trap its o-ring seal or the PTFE 
wires. The air adm ittance valve, and the roughing line valve, are closed and the rotary pump 
switched on. The roughing line isolation valve is opened and the cham ber is pum ped out by the 
rotary pump. The roughing line pressure is measured by a Pirani head situated ju st before the 
cham ber adm ittance valve. The chamber pressure is monitored by a Penning Gauge. This gauge 
should not be used at pressures greater than 10 '2 mbar.
Fill the cold trap of the sorption pump with liquid nitrogen and wait 15 m inutes for the pum p to 
cool down. W hen the chamber pressure has fallen below 5 x 10~3 m bar, close the roughing line 
isolation valve, and switch on the Penning gauge. The rotary pum p can now be sw itched off. Open 
the sorption pump isolation valve. If the sorption pum p has not been used for a long time, it 
should be roughed out along with the specimen chamber. W ait until the pressure in the cham ber 
falls onto the 10 '5 mbar range. Slowly open the ion pump gate valve. The ion pum p HT will fall 
to about 3 kV slowly recovering to 5 kV as the pressure decreases.
Loading mask and sample.
A 5 x 5 mm chip is the maximum size that can be com fortably exposed in the system.
There m ust be a good electrical contact between the chip and the sample electrode for 
electrostatic chucking to work. Electrostatic chucking is capacitative; its efficiency increasing with 
decreasing plate separation. The applied pd (50 V) is not large enough to produce chucking over 
both the membrane and the chip. If the chip is not conductive a m etal layer [e.g. gold palladium] 
should be evaporated onto it.
The chip is fixed to the sample electrode with conductive silver dag paint.
Screw the phosphorus (p-) bronze mask insert into the stainless steel support sleeve, until the 
m em brane is about 20 Jim above the chip surface. Very great care m ust be taken. The m ask is 
easily ripped. Several points o f contact with the chip w ill be visible, probably at one chip edge. 
The sam ple surface and polym er membrane should only just be touching; they w ill not be 
com pletely parallel.
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A small two pronged tool has been made to key into the bronze mask inserts. The stainless steel 
sleeve has 40 divisions marked on it. The screw thread has a pitch o f 40 tpi. Rotating the mask 
insert through one of these divisions raises or lowers the m ask with respect to the sample by about 
16 pm .
Line up the mask and sample by eye. Clamp the stainless steel ring down onto the sample 
holder using the three small screw clamps. Apply the chucking voltage.
E-gun operation.
The x-ray source is a m odified VG EG-2 e-gun design. The gun is already focused. It is 
connected with the pow er supply cabinet via an umbilical cable.
Before operation check that:
1. There is an adequate water supply to the e-gun (it is plum bed into the cold water main).
2. The earth lead is m aking a good connection between the cham ber and the water pipes.
The VG m anual gives a more detailed description o f the gun and its m aintenance, but some 
routine inform ation will be given here.
M ake sure that the back door of the e-gun pow er supply cabinet is securely shut; there is an 
interlock switch at the bottom of the door to prevent it being opened during operation.
Switch on the mains power.
Turn the HT potentiom eter to zero (fully anticlockw ise-a small click can be heard).
Select [HT on , filam ent off] on the multi selector switch.
Turn the evaporate /  outgas switch to [outgas].
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Press the green button [HT on] and slowly increase the HT on the potentiom eter to 2 kV.
Some sparking may occur but there shouldn't be any steady em ission current. If the unit trips out, 
return the potentiom eter to zero and try again. This tests the breakdown voltage across the ceramic 
insulators separating the filam ent from the gun cage.
Press the red [HT-off] button and return the HT potentiom eter to zero.
Turn the evaporate /  outgas switch to [evapo ra te].
Press the green button [HT on] and slowly increase the HT on the potentiom eter to 10 kV 
(fsd). The unit should sit at this voltage for a few seconds. If the unit trips below  5 kV , the e-gun 
may require cleaning. The breakdown voltage may increase with successive tests - a process called 
high voltage conditioning. The gun can be operated satisfactorily, if the unit can sit at 8 kV. This 
tests the breakdown voltage across the ceramic support rods.
Press the red [HT-off] button and return the HT potentiom eter to zero.
C heck to see that the trip circuitry is working.
Turn the multi selector switch to [s ta rt]  and the outgas /  evaporate switch to [ou tgas].
Turn the HT potentiom eter to zero and press the [H T on] button. Increase the HT to 1 kV quite 
rapidly. The em ission current will rise to 30 or 40 mA and then becom e lim ited to 10mA. The 
m achine w ill trip out if the 1 j<V value is not reached within 10 seconds o f pressing [HT on].
Look to see that the filam ent is on. A t this point the pressure w ill rise quite dram atically as the 
filam ent and gun housing outgases. If the pressure approaches 1(H  mbar the ion pum p should be 
isolated and the green [HT off] button pressed to cut the pow er to the e-gun. This procedure needs 
to be repeated several times before the pressure becomes stable.
Press the red [HT-off] button and return the HT potentiom eter to zero.
Turn the outgas /  evaporate switch to [evapo ra te] and press [H T  on].
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Increase the HT smoothly to 6 V. The pressure will rise again. Turn the m ultiselector switch 
to 25 and then 50 mA em ission current. The ion pum p HT will drop to below  2 kV. It should 
slowly recover over half an hour to 4.5 i V. As long as the sorption pum p is kept topped up with 
liquid nitrogen, the vacuum pumps should be able to hold the gas load. The system should be 
checked every 15 minutes or so in case the pressure becomes too high or a flash-over occurs which 
will trip out the gun pow er supply. If the pressure does rise unacceptably the gun may be switched 
off and the ion pump isolated until it recovers. The exposure cham ber should stabilise at a pressure 
of the order o f 10 '6 mbar.
After the exposure is complete. The [HT off] button is pressed and the HT potentiom eter 
returned to zero. The contact printer is left to cool down under vacuum before the cham ber is 
opened again. The ion pump will slowly take over the gas load from the sorption pum p as that 
pum p slowly heats up to room temperature.
N ote 1. The ion pump.
The pum p is a Varian model [911 5034 448 /  T] and has a pum ping speed o f 60 litres per 
minute. The ion pum p power supply is located on top o f the VG e-gun pow er supply cabinet. The 
supply has a pow er switch and com bined ion pum p pressure / current / kV gauge. The pressure 
gauge is inaccurate except at very low pressure. The m eter range is usually set to [kV],
The potential difference maintained across the ion pump's titanium elem ents depends on the 
am ount o f gas in the chamber; the pd increasing as the pressure decreases. The lim it is about 5 kV 
corresponding to a chamber pressure of 10 '6 mbar. The pd should never be allowed to fall below 
about 1.5 kV. This pd corresponds to a pressure around 1(H  mbar. A bove this pressure a plasm a 
forms which sputters the titanium electrodes. If the pressure increases further the elem ents start to 
bum  and becom e corroded. There is a trip circuit in the ion pum p pow er supply to avoid this but it 
should not be relied upon. If the ion pump is going to be exposed to atm ospheric pressure for 
m aintenance, the power supply should be switched off before the cham ber is let up to air. If the 
pressure in the chamber does accidentally rise, the pump will recover, if  it is then isolated and left 
to pum p itself.
CAUTION; NEVER REMOVE THE ION PUMP POWER LEADS OR THE 
EARTHING STRIP WHILE THE PUMP IS OPERATING.
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Note 2. The sorption pump.
Before opening the exposure chamber the sorption pum p is normally inert and is pum ped by the 
ion pump through the chamber. The pump contains zeolite granules which adsorb gas molecules 
when the pum p is cooled to liquid nitrogen temperatures. Periodically the pump needs to be baked 
out to rem ove the accumulated gas molecules which gradually reduce the pumping efficiency. The 
pum p can be used in the 10 '1 to 10 '6 mbar range, but it will pum p faster at low er starting 
pressures around 5 x 10'2 mbar.
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5. Application to a double ion exchanged Bragg waveguide filter.
Although optical devices that incorporate gratings have been frequently referred to in this thesis 
no such devices have been analysed here in detail. As m entioned in the introduction, the original 
aim o f this project was to use an already operational x-ray contact printer to replicate grating 
patterns for first order DFB lasers3 in the InG aA sP /  InP sem iconductor system . In the event, 
the x-ray system required extensive work to m ake it operational: the m achine had to be rebuilt and 
the mask and sample technology had to be developed. Then it becam e obvious half way through 
the project that the InGaAsP material would not be available for this work.
Sem iconductor m aterial (GaAs /  AlGaAs) is now available in this departm ent grown by in - 
house M olecular Beam Epitaxy, so that the techniques developed in this work will soon be applied 
to real optical devices.
As an exam ple o f a DFB system, som e work has been done towards the fabrication o f a simple 
DFB type device in the form of a glass waveguide filter whose reflection bandw idth is centred at 
the 860 nm w avelength. The fabrication process w ill be  described  although the reflection
C’i''
m easurem ents have not yet be, done. A brief description of Bragg reflection is also given.
B oth  the w aveguide and grating are defined using a potassium  - sodium  ion exchange 
(interdiffusion) process which takes place at the surface o f a soda lim e glass m icroscope slide 
im m ersed in a solution of KNO^ at temperatures above 350°C.4 The slab waveguides are
3 The advantage o f DFB structures is that they may (potentially) be integrated into an optical 
waveguiding chip. Conventional semiconductor lasers use cleaved end facets to provide optical 
feedback. Such structures are incompatible with optical device integration.
4 Ion exchange processes [Findakly 1985] have been used to make inhom ogeneous waveguides 
in glasses for several years. Sodium ions present in soda lim e and borosilicate glasses are known 
for their high mobility and exchange well with m onovalent alkali ions from an alkali salt melt.
A g+, K + have a higher electronic polarisability than the N a+ ions in the glass so that exchange 
results in an increased refractive index. The index change in Ag+ - N a+ ion exchange 
[W alker 1983 a, b.] is quite high (-0 .09) even for interdiffussion at low tem peratures (<300°C) 
leading to the production o f strongly m ultim ode guides in a few hours. The guides tend to be quite 
lossy (a few dB /  cm) due to high silver concentration in the waveguides.
The K + - N a+ ion exchange process [Pinak 1982, Yip 1985, A lbert 1985] is slow er than the 
above and results in a smaller refractive index change (-0 .006  - 0.009). This technique is 
applicable to the formation o f single mode optical waveguides. The waveguide losses are lower,
typically < 0.2 dB cm 1.
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ion exchanged waveguide 
microscope slide
500 (im
Figure A2.(a.) Glass waveguide Bragg filter. The sample has a slab waveguide defined at its 
surface by Potassium -Sodium  ion exchange. A gold grating m ask (285 nm 
period) is defined as in Chapters 3, 4. A 500 |im  long grating region is defined 
with a photom ask. O utside this region, the guide is com pletely m asked with 
gold metal. A fter the second ion exchange, the gold metal is removed with Gold 
etch and HC1 acid.
detector
detectorprism couplers 
grating r
dye laser
divider recorder
monochromator
Figure A2.(b.) Schematic diagram of experim ental equipm ent used in the evaluation of 
filter response (taken from [Yi-Yan 1980]).
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p i  j)2 p  3 P4 P5
Figure A3. A wavefront of wavevector /3 (= 2.;u.n /  in a w aveguide is progressively
scattered by the periodic perturbation. The local reflections /3l, /32 etc. 
com bine coherently to produce a large reflection in the - /3 direction when the 
Bragg condition is met:
A = \ n /  2.n or 2.B = G
0 g
where G is the grating vector in a direction parallel to P  and IGI = 2.k . /  A .
-  P  = P
G
- G
■«*-
2  K
a
H
Figure A4. W avevector diagram for Bragg reflection from a first order grating: IGI = 2 1/31. 
n is the guide effective index.
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m onom ode o f 2 - 3 p.m depth and are exchanged for 1 hour at 374°C. To satisfy the Bragg 
condition at first order , see below, for 860 nm radiation in a medium of refractive index 1.51, the 
grating period m ust be 285 nm. This type o f device has not been m ade before at such a fine period, 
using a double ion exchange process: i.e. an ion exchange to define a slab waveguide followed by 
the deposition of a m etal grating mask for a second ion exchange step5 . The m etal grating mask 
is defined by the m ethods o f Chapter 4, and the sam ple ion exchanged at 374°C for a further 20 
m inutes. The grating region is 500 pm  long, figure A2. A fter ion exchange the gold metal mask 
is rem oved by chem ical etching in Gold etch (a saturated solution o f iodine in potassium  iodide) 
followed by im m ersion in HC1 to rem ove the nichrom e adhesion layer. The exchanged grating is 
w eak, m easured diffraction efficiencies (outside the guide) are only 4 - 5 % o f the values for a 
developed photoresist grating at the argon ion laser wavelengths. Such a device could eventually be 
used in linewidth narrowing experim ents w ith a G aAs laser ([Park] describes a sim ilar experim ent 
using a grating on a fibre and a 1.55 pm  multim ode laser). A detailed discussion o f w aveguiding in 
periodic structures is out o f place in this conclusion but som e general rem arks m ay be m ade to 
indicate what is meant by Bragg reflection in the context o f distributed feedback structures.
DFB devices in integrated optics incorporate gratings to provide a distributed reflection, which is 
w avelength  dependent. A very sim ple p ic ture is g iven in figure A3; a gu ided  m ode with 
propagation constant (3 encounters a perturbed region o f fundam ental period AQ. This perturbation 
m ay be a physical corrugation (Type II filter [Yi-Yan 1978]) or an index m odulation (type I filter 
[Y i-Y an 1978]), such as a pattern ion exchanged through a grating mask. The incident m ode is 
scattered by the perturbation as a whole but individual reflections in the - p direction only com bine 
constructively  if  the m odulus o f the grating vector G (IGI = 2 n  /  A Q) is exactly  tw ice the 
propagation constant (3 figure A4.
Equation (6.2.1.) is known as the Bragg reflection condition.
R eflection for wavevectors near to the value of P = n  / AQ will be less efficient. The spread in 
w avelengths around ^ Bragg = Aq /  2 for which reflection takes place is inversely proportional to 
the num ber o f grating lines (for weak coupling).
5 The ion exchange w ork and filter m easurem ent are being done in collaboration with J. Bell.
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- p  = p
- 2G
Figure A5.
k lx  = lP ' G l
semicircle radius
- 2G
2 71 n
semicircle radius
2 71 n
X n
W avevector diagram for Bragg reflection from a second order grating: IGI = 1/31.
In addition to the Bragg reflection 1/3 - 2GI along the waveguide, there are 
allowed solutions radiating norm ally into the substrate and superstrate, refractive 
indices n„, n , n > n > n .
2 ’ 1 ’ g  1 2
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-  p  = p
Figure A6.
semicircle radius
- 3G
3G - 2G
semicircle radius
W avevector diagram for Bragg reflection from a third order grating: IGI = 12/3/31. 
Bragg reflection occurs for - = 1/3 - 3GI. R adiation is also coupled out o f the
guide with wavevector x com ponents as in the figure, reducing the waveguide 
reflection efficiency.
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The Bragg condition can also be m et for gratings with periods of 2AQ, 3AQ. Bragg reflection is 
less efficien t as the sm aller values o f G = tc / A and G = 2 n  /  3 Aq allow  light to be 
coupled out o f the guiding layer (figures A5,, A6.). These cases are referred to as 2nd and 3rd order 
Bragg reflection. In these cases the Bragg reflection can be m ade more efficient by engineering the 
grating profile to have a strong F ourier com ponent corresponding to the fundam ental Bragg 
condition periodicity, A q . DFB lasers, especially m ade in the GaAs /  A lG aAs system have very 
small first order periodicities (-1 2 0  nm) due to their high refractive indices (3.6) at their em ission 
w avelengths (-8 6 0  nm). M ost o f these DFB lasers are therefore designed for operation in higher 
orders (usually the third) to ease fabrication problem s [Hunsperger 1984].
E xact field solutions for waves propagating in Type I passive periodic w aveguides exist and 
consist o f an infinite series o f space harm onics equivalent to the B loch m odes o f  the electron 
w avefunction  in a lattice (N early F ree E lectron m odel). In such system s the propagation  
wavevector is a periodic function o f G, the grating vector;
P = / 5n ± n i L
0 A  (6 .2.2 .)
i.e. the slab waveguide dispersion diagram  (co v. P) can be considered to  repeat itself indefinitely 
with its origin shifted from (3 = 0 in steps o f ± n IGI, figure A l .  The m axim um  allow ed size o f |3 
is restricted  by the speed o f wave propagation in the guide, so that coupling betw een m odes 
travelling with wavevectors P and P + IGI is not allowed from physical considerations. The - P arm 
o f the dispersion diagram  shifted to a new origin a t P = +G , now overlaps the + P arm o f the 
dispersion diagram centred at P = 0.
W here the forward and backward propagating modes lines cross on the dispersion diagram,
(l-pl = P = G /  2 = tc /A , a band gap appears. W avevectors corresponding to frequencies (co) inside 
the gap are com plex, having a real part equal to k  /  A and an im aginary part w hich produces 
attenuation. The allowed wavevectors outside the gap propagate alm ost as unperturbed m odes of 
the waveguide; inside the gap a standing wave appears and there is strong reflection. The width of 
the band gap is determ ined by the strength o f coupling betw een the forw ard and backw ards 
propagating modes.
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0 9 :
0 5
0.3 r
O . n
2.0 2.5 3.0 3 5 4.0 4 5 5.0
a I k
0 5
Theoretical plot o f filter reflectivity for K L = 0.5, 1.0, 2.0. 
(taken from [Yi-Yan 1980])
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M athem atically this situation can be approxim ated by a pair o f coupled differential equations, the 
coupled m ode equations [Yi-Yan 1978, 1980], which describe the pow er interchange between the 
two interacting modes. The resulting expression for the reflectivity is strongly dependent on the 
quantity k L  where k  is the coupling coefficient that appears in the coupled m ode equations and L  
is the grating length. Reflectivity curves plotted as a function o f the w avevector offset from the 
Bragg condition are shown in figure A 8 .  A  larger value of k L  results in a narrow bandwidth higher 
reflectivity filter than a lower value of k L .  The calculation o f k , which depends on the overlap of 
the fields in the grating region and the refractive index perturbation is generally difficult and often 
involves num erical integration. In the case o f weak coupling the characteristics o f the grating are 
determined more by L.
In the case of the ion exchanged filter experim ents a grating length o f 500 pm  should result in a 
fractional (wavelength) bandwidth o f 1 /  1750 or 0.5 nm at 860 nm. Detailed calculations o f the 
w aveguide structure will be made once the reflectivity has been measured.
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